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ABSTRACT 


The  main  focus  in  the  design  of  the  next  generation  combatant,  DD(X),  is  the  US 
Navy’s  proposed  Integrated  Power  System  (IPS)  which  includes  an  all-electric  propulsion 
drive  system.  The  reduction  of  current  waveform  harmonics  is  critical  in  combatant 
propulsion  systems  such  as  the  IPS.  One  method  of  reducing  the  current  harmonics  is  to 
utilize  a  multi-level  converter  topology.  The  multi-level  converter,  as  compared  to  a 
standard  converter,  features  low  dv/dt  losses  and  low  switching  losses.  This  thesis 
examined  the  design,  construction  and  testing  of  two  multi-level  converters  operated  in 
tandem,  called  a  Cascaded  Multi-Level  Converter  (CMLC).  A  digital  logic  switching 
circuit  was  designed  and  constructed  to  control  the  CMLC  during  the  operational  testing 
phase.  The  CMLC  was  demonstrated  in  a  three-phase  high-voltage  configuration  with 
178.5  volts  zero-to-peak  voltage  and  2.10  A  zero-to-peak  current  achieved  using  an  R-L 
load. 
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EXECUTIVE  SUMMARY 


The  U.S.  Navy  is  investing  in  the  development  of  a  ship  power  generation  and 
utilization  architecture  that  builds  on  experience  in  the  commercial  marine  market  and 
adapts  commercial  technology  to  the  military  combatant  ship  application.  This 
architecture  is  the  backbone  of  the  U.S.  Navy’s  Integrated  Power  System  (IPS)  program 
and  it  is  to  be  implemented  in  the  next  generation  of  combatants  designated  the  DD(X) 
family  of  ships.  The  major  aspect  of  this  IPS  is  the  proposed  all-electric  propulsion  drive 
where  a  large  portion  of  the  total  electric  power  generated  is  converted  into  an 
appropriate  form  that  can  effectively  drive  large  propulsion  induction  motors. 

Reduction  of  current  waveform  hannonics  is  critical  in  propulsion  systems  such 
as  IPS.  An  all-electric  ship’s  acoustic  signature  is  related  to  shaft  torque  which  in  turn  is 
related  to  motor  current  hannonics.  Although  all-electric  propulsion  drives  are  mature 
systems  in  the  commercial  marine  industry,  commercial  converters  do  not  produce  the 
desired  waveform  fidelity  that  is  crucial  in  a  military  architecture.  Current  wavefonn 
hannonics  can  be  reduced  by  controlling  a  converter  with  pulse- width  modulation 
(PWM)  but  at  high  power,  PWM  switching  frequencies  are  limited  to  about  1.5-2  kHz 
since  higher  frequencies  produce  sharp  waveform  edges  that  create  EMI  and  motor 
insulation  issues.  Another  method  of  reducing  cunent  harmonics  is  to  utilize  a  multi¬ 
level  converter  topology;  a  concept  whereby  the  converter  topology  allows  additional 
motor  phase  voltage  levels  than  with  a  conventional  converter.  The  purpose  of  this 
thesis  was  to  document  the  design,  fabrication  and  testing  of  a  Cascaded  Multi-Level 
Converter  (CMLC). 

The  CMLC  is  a  circuit  comprised  of  inter-connected  power  transistors  and  diodes 
as  shown  in  Figure  E-l.  By  sequentially  changing  the  level  of  the  circuits  DC  input 
voltage,  the  converter  produces  a  quasi-desired  AC  sinusoidal  wavefonn.  The  CMLC 
consists  of  the  following  sub-sections/stages:  input  DC  Link  voltage,  power  unit 
modules,  power  diodes,  and  switching  circuitry.  The  power  unit  module,  shown  in 
Figure  E-2,  consists  of  the  following  components:  a  gate  driver  circuit  board,  a  power 


transistor  (IGBT)  with  accompanying  snubber  circuit  card  and  heat  sink  material.  The 
gate  driver  circuit  board  provides  an  ‘on’  or  ‘off  gating  signal  to  the  IGBT  as  prescribed 
by  the  digital  logic  switching  circuitry. 
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Figure  E-l:  The  Cascaded  Multi-Level  Converter  [From  Ref.  3.] 


Figure  E-2:  The  Power  Unit  Module 


The  design  of  the  CMLC  sections  was  initiated  by  a  selection  of  components 
based  on  the  converter  specifications  shown  in  Table  E-l : 

Table  E-l:  CMLC  Specifications 


Specification 

Value 

Input  Power 

240  V/  10  A 

Input  Capacitance 

Rated  300  V  or  greater 

Transistor  Voltage  (Blocking) 

1200  V 

Transistor  Current  (Collector-to-emitter) 

25  A 

System  Cooling 

Finned  Type  Heat  Sinks 

The  construction  of  the  gate  driver  circuit  card,  IGBT  snubber  circuit  card,  and  the  power 
supply  operational  amplifier  (power  input  to  the  gate  driver  circuit  card)  were  carried  out 
by  populating  copper-cladded  insulation  board  with  the  pre-selected  components.  Post¬ 
construction  tests  were  conducted  on  the  power  supply  operational  amplifier  and  each 
power  unit  module  prior  to  the  construction  of  each  converter  phase. 

Alternate  transistor  switching  techniques  are  presented  in  this  thesis:  the  sine- 
triangle  pulse  width  modulation  and  space  vector  modulation.  A  digital  logic  switching 
circuit  was  ultimately  implemented  to  ensure  easier  troubleshooting  of  the  converter 
hardware  during  testing.  Advanced  Boolean  Expression  Language  (ABEL)  software  was 
used  in  the  programming  of  the  digital  logic  circuit  devices  or  programmable  logic 
devices  (PLDs).  A  thorough  test  of  the  resultant  circuit  verified  switching  signals 
capable  of  producing  a  balanced  set  of  three-phase  voltages. 

Detailed  testing  of  the  CMLC  was  conducted  in  the  NPS  power  laboratory.  Each 
CMLC  phase  was  tested  at  low  voltage/low  current  (40  V  zero-to-peak  and  0.5  A  zero-to- 
peak)  conditions  to  ensure  for  proper  operation  and  then  a  two-phase  test  was  conducted 
to  ensure  the  digital  logic  circuit  produced  properly  phased  output  waveforms.  Figure 
E-3  shows  the  circuit  configuration  during  the  low-voltage  testing  phase.  A  final  high 
voltage/high  current  (200  V  zero-to-peak  and  2.2  A  zero-to-peak)  test  was  then 

xiii 


conducted.  Figure  E-4  is  a  digital  image  of  the  three-phase  current  output.  This  testing 
revealed  the  CMLC  operational  results  were  in  agreement  with  expected  values. 

This  research  documented  the  design,  construction  and  testing  a  CMLC. 
Possible  areas  for  future  CMLC  research  include  analysis  of  propulsion  shaft  noise  and 
analysis/implementation  of  various  switching  techniques.  Continued  research  in  this 
dc-ac  converter  is  vital  for  the  future  of  the  U.S.  Navy’s  next  breed  of  combatant  ship 
because  CMLC  technology  offers  high  power  conversion  with  reduced  or  eliminated 
current  waveform  harmonics. 


Figure  E-3:  Testing  Configuration  (Low  Voltage/Low  Current  Condition) 

[From  Ref.  6.] 
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Figure  E-4:  Three  Phase  Current  Output  with  Current  Probe  @  1.0  A/DIV 
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I.  INTRODUCTION 

A.  POWER  REQUIREMENTS  FOR  NEXT  GENERATION  SHIP 

With  the  dissolution  of  the  Soviet  Union  and  the  emergence  of  the  war  on 
terrorism,  the  Department  of  Defense  is  challenged  to  both  scale  back  expenditures  and 
produce  “transformative”  technologies.  It  has  never  been  more  important  to  develop 
ships  and  systems  that  are  cost  effective,  operationally  robust  and  minimally  manned. 
Presently,  U.S.  Navy  ships  are  configured  with  a  varied  array  of  mechanical  and 
electrical  systems  which  are  independent  in  nature  and  in  some  cases  create  unnecessary 
redundancy  that  degrades  fuel  efficiency.  For  example,  the  Navy’s  conventional 
propulsion  drive  train  transfers  energy  to  the  drive  shafts  via  a  reduction  gear;  at  no  time 
during  operation  is  this  prime  mover  “propulsion”  energy  made  available  for  other  ship 
systems.  Both  fuel  efficiency  and  manpower  requirements  represent  major  factors  in  the 
Total  Operating  Cost  (TOC)  of  naval  ships  and  systems.  In  order  to  cut  back  total 
operating  costs,  U.S.  Navy  ship  design  must  dramatically  move  beyond  conservative 
constraints. 

One  major  change  in  ship  design  surrounds  the  electrical  power  system;  the  U.S. 
Navy  is  targeting  an  all-electric  ship  where  all  major  systems  including  propulsion, 
aircraft  launching  and  futuristic  weapons  would  be  electrically  powered  [1].  The  Navy  is 
calling  such  an  arrangement  the  Integrated  Power  System  (IPS).  Figure  1-1  is  a  diagram 
of  the  representative  system  showing  a  prime  mover  and  generator  set  providing  power  to 
a  propulsion  motor  unit  as  well  a  providing  power  to  ship  service  loads  via  a  power 
conversion  module.  The  IPS  would  effectively  unlock  the  substantial  mechanical  power 
originally  dedicated  only  to  propulsion  and  distribute  it  to  other  large  power  consumers 
as  necessary. 

The  new  architecture  for  this  IPS  builds  on  commercial  ship  technology  that  has 
been  in  place  for  many  years.  The  robust  and  mature  commercial  marine  systems  have 
realized  significant  fuel  savings  for  the  shipping  industry  throughout  the  world  by  more 
efficiently  loading  prime  mover  engines.  The  motivation  to  proceed  with  this  IPS  design 
has  many  factors:  it  will  reduce  the  number  of  prime  movers,  produce  fuel  savings, 
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reduce  maintenance,  allow  a  reduction  in  manning  and  offer  a  platform  that  will  support 
new  technology  weapons. 


Figure  1-1:  General  Concept  of  the  Integrated  Power  System  [From  Ref.  1.] 

The  IPS  must  produce  higher  amounts  of  power  to  support  all  loads  including 
future  demands.  This  need  for  higher  installed  power  taxes  the  capability  of  current 
energy  conversion  and  power  delivery  systems.  Although  high-power  systems  are 
common  in  the  commercial  ship  fleet,  military  requirements  make  the  research  and 
design  efforts  more  complex.  Low  electrical  signatures,  non-interference  and  damage 
tolerances  are  key  factors  that  must  be  addressed  to  make  this  all-electric  concept  feasible 
for  use  in  a  military  architecture.  Specifically,  in  the  propulsion  drive  portion  of  IPS,  the 
challenge  is  tapping  large  amounts  of  electrical  power  from  a  mechanical  power  source 
and  converting  that  power  into  the  appropriate  wavefonns  that  will  run  an  electric 
propulsion  motor.  The  key  power  conversion  issue  is  the  reduction  or  elimination  of 
current-waveform  harmonics  and,  thus,  torque  harmonics.  Current-waveform  harmonics 
at  high  power  levels  create  noise  exceeding  military  acoustic  requirements  and 
necessitate  inverter  de-rating,  implying  a  larger  and  heavier  propulsion  unit  [1], 
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B.  OVERVIEW  OF  CURRENT  RESEARCH  FOR  ALL  ELECTRIC  SHIP 

This  section  offers  an  overview  of  some  of  the  research  currently  underway  to 
support  the  realization  of  IPS  in  U.S.  Navy  ships.  Research  for  the  IPS  is  being  fueled 
by  the  push  to  move  the  Navy’s  DD(X)  program  (the  future  navy  warship)  from 
chalkboard  or  view-graph  to  the  actual  cutting  of  steel  or  the  forming  of  composite 
materials  in  the  shipyard.  The  Navy  formed  two  teams  consisting  of  major  shipbuilders 
and  weapon  system  contractors  and  had  them  compete  for  the  design  of  the  proposed 
DD(X)  family  of  ships.  This  method  of  procurement  represents  a  major  change  in  the 
way  the  government  purchases  systems.  Through  competition,  they  endeavor  to  achieve 
an  optimal  product  while  saving  design,  engineering  and  research  overhead  costs. 

With  a  major  shipbuilding  program  of  this  magnitude  and  scope  underway,  there 
is  much  research  in  progress  that  supports  future  systems.  In  the  area  of  weapon  systems, 
the  all-electric  rail  gun  and  directed  energy  weapons  are  high  priority  systems.  In  the  area 
of  power  distribution,  the  Navy  is  actively  investigating  the  implementation  of  a  hybrid 
ac  and  dc  zonal  distribution  system.  No  matter  what  the  ship  service  load  is  or  how  it  is 
distributed,  the  IPS  architecture  must  include  a  high  efficiency  dc-ac  converter  and  a 
compact  yet  powerful  propulsion  motor. 

A  large  portion  of  propulsion  motor  and  dc-ac  converter  research  is  being 
conducted  at  the  IPS  Land  Based  Engineering  Site  (LBES),  located  at  NAVSESS 
Philadelphia,  Pennsylvania.  Major  components  for  testing  include  a  21.6  MW  generator, 
a  19  MW  propulsion  motor  and  converter  and  a  2  MW  ship  service  distribution  system 
[2].  The  prime  contractor,  Lockheed  Martin  Ocean  Radar  and  Sensors  Division, 

Syracuse,  NY,  is  handling  integration  and  development  of  the  supervisory  control  system. 
Another  team,  headed  up  by  Dr.  Keith  Corzine  of  the  University  of  Wisconsin,  built  and 
are  currently  testing  a  small  proto-type  30-kW  multi-level  converter.  It  is  in  this  latter 
area  of  research  and  testing  that  this  thesis  research  effort  is  focused. 
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c. 


THE  MULTI-LEVEL  CONVERTER  VS.  THE  CASCADED  MULTI¬ 
LEVEL  CONVERTER 


Figure  1-2  shows  a  standard  diode-clamped  multi-level  converter  consisting  of  a 
DC-link  voltage  (vdc)  and  capacitors  as  input  for  the  three-phase  bank  of  power  transistors 
which,  when  sequentially  gated  ‘on’  and  ‘off,’  convert  the  input  voltage  into  an  ac-signal 
for  the  three-phase  inductive  load  [3],  The  use  of  a  multi-level  converter  is  one  method 
of  reducing  current  waveform  harmonics  at  high  power.  The  multi-level  converter 
produces  more  phase  voltage  levels  than  a  standard  dc-ac  converter  drive.  It  is  the 
increased  number  of  output  voltage  levels  that  leads  to  improved  hannonic  content  in  the 
converter  waveforms.  This  increase  in  voltage  levels  is  achieved  with  a  much  lower 
semiconductor  device  switching  frequency;  therefore  there  are  lower  switching  losses. 
Multi-level  converters  produce  lower  voltage  transients  ( dv/dt )  which  greatly  reduces 
common-mode  currents  and  stresses  on  motor  insulation. 


S 

Figure  1-2:  Three-level  Multi-Level  Converter  [From  Ref.  3.] 


Multi-level  power  conversion  has  become  popular  due  to  the  advantages 
described  above;  however,  the  primary  disadvantage  of  a  multi-level  converter  is  the 
large  number  of  semiconductor  devices  that  are  required  in  its  construction. 
Semiconductors  themselves  are  not  overly  expensive.  It  is  the  gate-driver  circuits  that 
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operate  each  transistor  that  are  expensive  and  make  the  mechanical  layout  more 
elaborate. 

A  new  type  of  multi-level  converter  (MLC),  the  cascaded  multilevel  converter, 
has  been  proposed  which  is  constructed  from  two  multi-level  converters  [4],  The  main 
advantage  of  the  cascaded  converter  over  the  standard  multi-level  converter  is  that  it 
offers  more  non-redundant  switching  states  per  number  of  active  semiconductor  devices, 
thereby  improving  converter  perfonnance  and  decreasing  converter  costs.  A  cascaded 
MLC  is  illustrated  in  Figure  1-3  [4],  In  this  figure,  two  dc-voltage  sources  supply  the 
upper  and  lower  input  capacitors.  The  three-phase  motor  load  ground  is  split-out  and  the 
three  leads  are  connected  to  the  output  phase  terminals  in  the  lower  level  creating  a  wye- 
to-wye  topology. 


Figure  1-3:  A  Cascaded  Multi-level  Converter  [From  Ref.  4.] 
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D. 


THESIS  GOAL 


The  purpose  of  this  thesis  research  is  to  thoroughly  document  the  design, 
development  and  testing  of  a  reduced-scale  prototype  cascaded  multi-level  converter 
(CMLC).  Multi-level  conversion  is  clearly  a  major  research  and  development 
component  in  the  Navy’s  quest  to  implement  IPS.  Completed  work  and  products  from 
this  thesis  will  augment  the  technical  resources  of  the  NPS  Power  Systems  Laboratory 
and  support  future  thesis  projects  directed  by  NAVSEA  05  resource  sponsors. 


E.  THESIS  OVERVIEW 

Chapter  II  provides  a  description  of  the  cascaded  multi-level  converter  and  it 
outlines  specifications  required  to  select  components  for  the  converter.  Chapter  III  is  a 
detailed  description  of  the  selection  of  components.  Chapter  IV  contains  an  explanation 
of  the  design  and  construction  of  the  converter.  The  design  and  construction  of  the 
converter’s  digital  logic  controller  section  is  described  in  Chapter  V.  Chapter  VI 
documents  the  testing  of  the  cascaded  multi-level  converter  and  Chapter  VII  provides 
thesis  recommendations  and  conclusions.  The  last  section  consists  of  appendices 
containing  information  that  supports  the  technical  discussion  presented  in  the  chapters. 
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II.  CONVERTER  DESCRIPTION  AND  SPECIFICATIONS 


A.  PURPOSE 

This  chapter  provides  a  description  of  the  Cascaded  Multi-Level  Converter 
(CMLC)  that  is  reported  on  in  this  thesis.  Also,  this  chapter  includes  a  discussion  of  the 
specifications  for  the  equipment  and  systems  that  are  used  in  the  design,  development  and 
operation  of  the  CMLC. 


B.  DESCRIPTION  OF  CMLC 

In  this  sub-section,  a  description  of  the  CMLC  is  provided.  The  purpose  of  the 
converter  is  to  process  a  DC  voltage  signal  into  an  AC  voltage  signal.  Figure  2-1  shows  a 
general  overview  of  the  process  as  required  shipboard.  As  shown,  a  source  generator 
produces  an  AC  voltage  signal.  This  signal  is  then  rectified  by  an  ac-dc  voltage 
conversion  module  resulting  in  a  DC-link  voltage.  The  CMLC  Switching  Transistor 
section,  controlled  by  switching  logic/driver  circuit  components,  takes  the  DC-link 
voltage  and  produces  a  multi-phase  AC  signal  to  be  utilized  to  power  a  multi-phase  AC 
load. 


Figure  2-1:  Overview  of  DC-AC  Conversion  Process 

The  CMLC  switching  transistor  network,  switching  logic  and  driver  circuit 
modules  comprise  the  emphasis  of  this  thesis  research.  Figure  2-2  shows  one  leg  of  a 
three-phase  CMLC.  It  is  a  network  made  up  of  an  upper  and  lower  bank  of  transistors 
(T i  thru  T4  and  Tix  thru  T4X).  The  banks  are  connected  to  the  load  at  points  ‘x’  and  ‘xx.’ 
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Current  may  flow  from  the  top  rail,  through  the  load,  and  return  via  the  negative  rail  of 
Vdc2,  or  it  may  flow  from  the  top  rail  of  VdC2,  through  the  load  and  return  via  the  negative 
rail  of  Vdci. 


Figure  2-2:  One  Leg  of  the  CMLC  [From  Ref.  3.] 

The  CMLC  also  consists  of  input  capacitors  and  diodes  necessary  to  realize  the 
additional  output  voltage  levels,  labeled  Di,  D2,  DiX  and  D2X.  The  input  capacitors 
effectively  divide  the  DC  link  voltages  between  nodes  jO  and  j2  and  jOx  and  j2x  into  Vdci 
and  Vdc2,  respectively.  With  this  DC-link  voltage  division,  the  voltage  level  at  each  upper 
and  lower  portion  of  the  converter  can  be  switched  to  either  0  volts,  to  one-half  the  DC- 
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link  voltage  or  to  the  full  DC-link  voltage  level.  Since  the  output  voltage  level  is  dictated 
by 


the  CMLC  can  create  nine  different  voltage  combinations  as  will  be  shown.  As  the 
CMLC  is  switched  between  each  voltage  level,  the  diodes  (Di,  D2,  Dix  and  Dix)  are 
biased  ‘off  and  ‘on’  in  a  manner  that  connects  the  appropriate  voltage  level  to  the  output 
leg. 

The  CMLC  topology  adds  flexibility  to  the  design  for  the  operator.  By  varying 
the  DC-link  voltage  levels  to  the  upper  and  lower  levels  of  the  converter,  different 
voltage  levels  can  be  achieved.  The  maximum  amount  of  voltage  levels,  for  any  given 
CMLC,  is  achieved  by  making  the  lower  dc  voltage  {vdci)  a  certain  percentage  of  the 
upper  dc  voltage  (vdci).  This  ‘maximum  voltage  level’  percentage  is  determined  by  using 
[4] 


Vdc2  _  n 2-1 


vdci  n2nt  -n2 


(2.2) 


where  nj  is  the  number  of  levels  for  the  upper  converter  while  n2  is  the  number  of  levels 

for  the  lower  converter.  The  converter  in  Figure  2-2  combines  two  three-level 
converters,  thus  the  ‘maximum  voltage  level’  percentage  is 

3-i  1 

v*.  (3)(3)-3  3 

For  any  given  CMLC,  the  maximum  amount  of  voltage  levels  is  determined  by  [4] 

«/(max)  =  («j)(«2),  (2.3) 

thus,  the  maximum  number  of  voltage  levels  that  can  be  obtained  by  the  CMLC  in  Figure 
2-2  is 


«/(max)  =  (3)(3)  =  9. 


Table  2.1  illustrates  the  different  voltage  levels  that  can  be  achieved  with  the 
CMLC.  Sx  and  Sxx  represent  the  transistor  states  for  each  converter.  For  example,  Sx  =  1 
implies  that  T2  and  T3  (Figure  2-2)  have  been  gated  whereas  Sxx  =  2  means  that  Tix  and 
T2x  have  been  gated.  The  term  ‘E’  is  the  basic  voltage  level  for  the  converter;  more 
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specifically  it  is  the  voltage  across  one  input  capacitor  of  the  lower  converter.  Vx  is  the 
upper  converter  voltage  level  and  Vxx  is  the  lower  converter  voltage  level.  Vxs  is  the 
output  voltage.  Table  2.1  represents  the  condition  where  Vdcl  =  3Vdc2  and  Vdc2  =  2E. 

To  obtain  an  ac  sine- wave  as  an  output,  the  transistors  on  each  level  of  the 
converter  must  be  gated  in  a  sequential  manner.  The  gating  of  each  transistor  must  be 
carried  out  using  a  gate-driver  circuit,  which  in  turn  is  controlled  by  a  switching  logic 
algorithm.  The  gate  driver  and  the  switching  logic  method  are  two  critical  and  complex 
parts  of  the  overall  CMLC  system.  Figure  2-3  is  a  block  diagram  that  gives  an  overview 
of  the  key  elements  of  the  converter  design.  It  is  this  system  that  will  be  emphasized  in 
the  ensuing  chapters. 
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Table  2.1:  CMLC  Voltage  Levels 


Before  specific  components  and  systems  can  be  identified  to  document  the  design 
and  construction  of  each  section  depicted  in  Figure  2-3,  a  thorough  description  of  the 
CMLC  system  specifications  must  be  established.  Figure  2-3  is  an  overview  of  the 
CMLC.  A  DC-link  voltage  is  generated  and  then  placed  across  the  input  terminals  of  the 
converter.  The  input  tenninals  consist  of  input  capacitors  and  voltage-level  diodes  which 
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allow  the  converter  to  effectively  divide  the  input  DC  voltage  and  develop  various 
voltage  levels.  A  switching  logic  section  controls  a  gate-driver  circuit  which  controls  the 
power  transistors  thus  allowing  the  input  DC  voltage  be  shaped  into  the  desired  AC 
wavefonn  that  is  supplied  to  the  load. 


Figure  2-3:  Overview  of  the  CMLC  System 
C.  SPECIFICATIONS 

The  following  subsections  describe  the  key  specifications  for  the  CMLC:  input 
power,  input  capacitance,  power  transistor  voltages  and  current  capacities!),  power 
transistor  protection,  power  source  for  the  gate-driver  circuit,  the  system  switching 
frequency  and  load  and  system  cooling. 

1.  Input  Power 

There  are  various  methods  of  rectifying  the  ac  from  the  generator  to  obtain  the  dc 
necessary  for  the  input  to  the  propulsion  converter;  once  established,  this  voltage  is 
dubbed  the  de-link  voltage.  The  dc-ac  CMLC  then  utilizes  the  de-link  as  an  input  and 
provides  the  load  with  the  necessary  phase-shifted  variable  frequency  waveforms.  At 

NPS,  a  208  V,  25  A,  3-phase  variac,  uncontrolled  rectifier  bridge  and  10  mF  of  filtering 
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capacitance  are  used  to  establish  the  dc-link  for  the  upper  level  of  the  CMLC.  The  lower 
level  of  the  CMLC  is  fed  by  a  single-phase,  1 1 5  VAC  input  voltage,  0-240  VDC  output 
voltage  ‘Powerstat.’ 

2.  Input  Capacitance 

The  CMLC  is  designed  to  operate  at  various  switching  frequencies  while  drawing 
current  from  the  dc-link  voltage  source.  It  is  crucial  to  ensure  that  the  input  voltage 
source  remains  at  a  consistent  voltage  level  during  operation.  A  bank  of  series-connected 
capacitors  with  sufficient  capacitance  will  ensure  that  the  input  voltage  level  remains 
constant,  as  well  as  dividing  the  dc-link  voltage  to  the  prescribed  number  of  voltage 
levels.  These  capacitors  are  required  to  be  rated  at  300  VDC  or  greater  based  on  the  de¬ 
link  voltage  specification  described  above. 

3.  Power  Transistor  Voltage  and  Current  Capacities 

The  power  transistor  that  is  used  for  the  circuit  in  this  thesis  research  effort  is  an 
Insulated  Gate  Bipolar  Transistor  (IGBT).  An  IGBT  is  a  device  that  combines  the 
features  found  in  a  Bipolar  Junction  Transistor  (BJT)  and  in  a  Metal-Oxide- 
Semiconductor  Field  Effect  Transistor  (MOSFET).  BJTs  have  lower  conduction  losses 
during  the  ‘on’  state,  especially  in  devices  with  larger  blocking  voltages,  but  have  longer 
switching  times,  especially  at  ‘turn-off.’  MOSFETs  can  be  turned  ‘on’  and  ‘off  much 
faster,  but  their  on-state  conduction  losses  are  larger,  especially  in  devices  rated  for 
higher  blocking  voltages  [5]. 

a.  Transistor  Voltage 

The  IGBT  is  operated  in  two  states:  the  blocking  state  and  the  conduction 
state.  Manufacturers  of  these  power  transistors  rate  the  IGBT  by  the  amount  of  voltage 
the  transistor  can  ‘block’  when  it  is  in  the  blocking  state.  This  voltage  is  measured  across 
the  collector  and  emitter  nodes  and  it  is  labeled  Vce.  A  review  of  the  IGBTs  available 

revealed  transistors  with  Vce  voltages  rated  at  1200  V  in  small  chip  form  and  in  large 
package  types.  Therefore,  the  blocking  state  voltage  requirement  was  not  a  restrictive 
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design  or  budget  factor,  instead  it  is  the  current  rating  through  the  device  that  determined 
the  frame-size  utilized  for  the  converter  design. 

b.  Transistor  Current 

The  most  critical  design  specification  for  the  IGBT  is  the  collector-to- 
emitter  current.  It  is  this  specification  that  relates  directly  to  the  packaging  type  and  size 
of  the  device.  Transistors  with  a  low  current  rating  are  in  chip  form  while  transistors 
rated  for  large  currents  (300  to  600  A)  are  packaged  as  large  blocks  of  semiconductor 
material  with  large  heat  sink  areas  and  heavy  duty  connectors.  In  the  interest  of  budget, 
the  specification  set  for  the  collector-to-emitter  current  of  the  device  was  25  A. 

4.  Power  Transistor  Protection 

Power  semiconductor  transistors  are  subject  to  the  problem  of  over-voltage  during 
the  switching  on  and  switching  off  of  the  device.  A  common  solution  that  mitigates  this 
problem  is  the  installation  of  resistor-capacitor-diode  (RCD)  snubber  circuit  [6]. 

Transient  over-voltages  are  addressed  by  diversion  of  the  energy  in  the  stray  inductance 
to  the  snubber  capacitor  during  turn-off;  the  snubber  circuit  does  not  address  static  over¬ 
voltages.  However,  it  was  found  through  laboratory  tests  that  static  over-voltages  were 
minor  compared  to  transient  over-voltages.  The  snubber  capacitor  size  is  based  on  the 
energy  stored  in  the  stray  inductance;  the  snubber  resistor  is  sized  by  considering  the 
narrowest  pulse  in  the  PWM  algorithm  and  the  snubber  diode  must  be  a  fast  type  with 
soft  recovery. 


5.  System  Switching  Frequency  and  Load 

The  load  that  the  CLMC  will  drive  during  operational  testing  will  mimic  the 
steady-state  characteristics  of  an  induction  motor.  In  order  to  achieve  this  simulation,  a 
large  inductor  in  series  with  a  bank  of  resistors  was  utilized.  The  inductor  and  the 
switching  frequency  determine  the  impedance  of  the  load  as  well  as  govern  the  phase 
angle  of  the  output  current.  The  relationships  between  inductance  (L)  and  the  switching 
frequency  (/)  are  [7] 

X  =  2nfL,  (2-4) 
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Z  =  R  +  jX, 


(2-5) 


6  =  tan  1 


\Rj 


and 


1  = 


V 

z\ze  ' 


(2-6) 


(2-7) 


6.  Power  Source  for  the  Gate  Driver  Circuit 

A  specification  for  the  power  source  that  drives  the  transistor  gate  driver  circuit  is 
that  it  must  be  completely  isolated  from  the  rest  of  the  circuit  in  order  to  avoid  a  ground 
fault  during  the  operation  of  the  converter.  A  review  of  the  available  gate  driver  circuits 
with  independent  power  supplies  revealed  many  capable  designs;  however,  the 
prohibitive  costs  of  each  precluded  their  application  in  this  project. 

7.  System  Cooling 

The  heat  generated  by  each  component  in  the  CMLC  is  dependent  on  the  current 
that  the  device  is  carrying.  The  specification  of  25  A  for  the  transistor  collector-to- 
emitter  current  allowed  the  procurement  of  all  circuit  devices  in  chip  form.  This  in  turn 
set  the  requirement  for  heat  sink  material  to  be  the  “finned”  metal  type  capable  of  being 
affixed  to  the  heat  sink  area  of  each  device  frame. 


D.  SUMMARY 

This  chapter  described  the  purpose  and  operation  of  the  CMLC.  Also, 
specifications  were  set  for  all  the  systems  and  components  that  are  used  in  the  design  and 
operation  of  the  CLMC.  Identifying  the  specifications  was  a  crucial  step  towards  the 
design  of  the  converter  and  recognizing  what  components  were  needed  to  be  procured. 
The  next  chapter  documents  in  detail  the  design  considerations  and  the  selection  of 
components  for  the  converter. 
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III.  COMPONENT  SELECTION 


A.  PURPOSE 

The  purpose  of  this  chapter  is  to  document  the  component  selection  for  the  design 
and  building  of  the  CMLC  circuit. 

B.  COMPONENT  SELECTION  FOR  THE  CONVERTER  SECTION 

The  following  sub-section  describes  the  component  selection  of  the  input-voltage 
capacitors,  the  voltage-level  diodes,  the  IGBT  and  the  protective  snubber  circuit  and  the 
resistor-inductor  load.  Figure  3-1  shows  the  upper  level  of  the  CMLC  provided  to 
enhance  the  description  of  this  component  selection. 
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1.  Input  Voltage  Capacitor 

As  discussed  in  Chapter  II,  the  input  voltage  to  the  converter  requires  substantial 
capacitance  to  divide  the  dc-link  voltage  into  the  prescribed  number  of  voltage  levels  and 
to  ensure  the  voltage  level  remains  constant  during  operation.  The  capacitor  chosen  for 
this  role  was  the  Mallory  Type-CGH  Computer-Grade  capacitor.  These  capacitors  are 
rated  at  1000  pF,  450  VDC,  and  have  a  high  ripple  current  capability. 

2.  Voltage  Level  Diodes 

High-voltage  power  diodes  are  required  for  the  converter  to  switch 
instantaneously  through  its  available  voltage  levels  and  maintain  the  proper  voltage  level 
prescribed  during  transistor  sequencing.  The  POWEREX  Fast-Recovery  Single -Module 
diode  was  selected.  This  device,  rated  at  50  A  of  forward  current  and  a  maximum 
reverse  voltage  of  1200  V,  meets  the  requirements  and  specifications  set  in  Chapter  II. 
The  diode  is  pictured  below  in  Figure  3-2  and  the  device’s  specification  sheet  is  included 
in  Appendix  A. 


Figure  3-2:  The  POWEREX  Fast  Recovery  Diode  [From  Ref.  13.] 

3.  IGBT 

The  selection  of  the  IGBT  was  mainly  budget  driven.  The  relatively  low  cost 
International  Rectifier  IRG4PH50KD  IGBT  was  selected.  The  IRG4PH50KD  IGBT  is 
constructed  with  an  ultra-fast  soft  recovery  diode.  The  device  is  rated  at  Vces=  1200  V 
and  Vg£  =  15  V.  For  operation  in  the  on-state,  the  collector  current  is  rated  at  24  A.  Most 
importantly,  the  IGBT  combines  low  conduction  losses  with  high  switching  speeds.  The 
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‘Turn  Off  Delay’  time  is  140  ns  and  the  ‘Turn  On  Delay’  time  is  67  ns.  These  ratings 
fully  support  the  specification  limits  addressed  in  Chapter  II. 

4.  IGBT  Snubber  Circuit 

As  discussed  in  Chapter  II,  the  IGBT  requires  protection  from  transient  over¬ 
voltages  induced  by  stray  inductance.  An  RCD  snubber  circuit,  Figure  (3-3),  was 
designed  and  built  to  perform  this  protective  function.  The  key  circuit  parameter  that  is 
needed  for  calculating  the  values  of  the  snubber  circuit  components  is  the  stray 
inductance.  A  typical  value  of  stray  inductance  is  approximately  100  nH  [1]. 


Figure  3-3:  RCD  Snubber  Circuit 


Equating  the  energy  of  the  snubber  capacitor  to  the  stray  inductance  and  solving  for 
C  results  in 


C  =  L 


stray 


'1} 

\Vj 


(3-1) 


In  Equation  3-1,  /  is  the  peak  current  in  the  IGBT  and  V  is  the  desired  voltage  after 
turn-off.  Expected  maximum  values  for  /  and  V  are  25  A  and  60  V,  respectively.  With 
these  values,  C  =  0.01736  pF.  Therefore  a  0.018  pF,  630  V,  polypropylene  capacitor 
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was  selected  as  the  snubber  capacitor.  The  next  step  was  the  calculation  of  the  snubber 
resistor  value.  The  entering  argument  for  this  calculation  is  the  determination  of  the 
smallest  time  value  between  transistor  turn-off  and  turn-on.  A  conservative  value  of 
tmin  =  1  us  was  chosen.  The  equation  for  the  resistor  value  is 

R  =  ^.  (3-2) 

5C 

Using  Equation  3-2,  the  required  value  of  R  is  10  Q  [5]. 

The  power  requirement  for  the  resistor  is  found  by  using  [5] 

P,  =  \cv-fm.  _ (3-3) 

At  a  high  switching  frequency  of  20  kHz,  the  power  rating  of  the  resistor  should  be  1 1 .2 
W  or  higher.  Due  to  load  constraints,  the  actual  switching  frequency  of  the  CMLC  is 
approximately  225  Hz.  Therefore,  the  resistor  chosen  for  the  circuit,  a  10-ohm,  25-watt 
device  is  a  conservative  choice. 

The  requirement  for  a  fast  type  with  soft  recovery  diode  was  fulfilled  using  the 
International  Rectifier  HEXFRED  HFA25PB60  ultra-fast,  soft  recovery  diode. 

5.  Load  Resistor/Inductor 

The  combination  resistor  and  inductor  unit  for  the  load  is  comprised  of  NPS 
Power  Laboratory  components.  The  lab  is  equipped  with  inductors  rated  at  42.5  mH  and 
10  A.  Also  available  is  a  resistor  unit  rated  at  1 15  V  or  230  V  with  resistance  values 
ranging  from  29  ohms  to  174  ohms  (dependent  on  voltage  source).  The  switching 
frequency  determines  the  amount  of  resistance  and  inductance  used  during  the  testing 
phase.  Also  the  10  A  rating  of  the  available  inductor  sets  the  limit  of  total  current  in  the 
circuit,  unless  other  inductors  are  placed  in  the  load  in  parallel. 

C.  COMPONENT  SELECTION  FOR  THE  IGBT  GATE  DRIVER  CIRCUIT 

This  sub-section  describes  the  selection  of  components  for  the  gate  driver  circuit: 
namely  the  power  supply  operational  amplifier,  the  gate  driver  chip  and  its  supporting 
circuitry.  Figure  3-4  is  a  diagram  provided  to  enhance  the  description  of  this 
component  selection. 
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Figure  3-4:  Diagram  for  Gate  Driver  Circuit  Component  Selection 

1.  Power  Supply  Op-Amp 

The  voltage  signal  needed  for  the  input  of  each  gate  driver  circuit  card  requires  a 
waveform  generator  that  can  provide  an  output  current  of  7.5  A.  The  NPS  Power 
Laboratory  is  equipped  with  a  TEXTRONIX  CFG-280  function  generator  that  can 
produce  a  sine,  square  or  saw-tooth  wave  at  a  frequency  ranging  from  1  Hz  to  1 1  MHz. 
However,  it  cannot  support  a  7.5  A  output  current.  An  operational  amplifier  was  required 
in  order  to  boost  this  signal  and  be  robust  enough  to  handle  the  large  current  draw. 

The  National  Semiconductor  LM12CL  80W  Operational  Amplifier 
(Op-Amp)  was  chosen  for  this  purpose.  The  LM12CL  is  capable  of  driving  ±  25  V  at 
±  10  A  while  operating  from  a  ±  30  V  supply.  The  power  bandwidth  of  the  device  is 
60  kHz.  The  output  from  this  Op-Amp  will  provide  input  into  the  Gate  Driver  Circuit 
card. 


2.  Components  for  the  Gate  Driver  Circuit  Card 
a.  Transformer 

In  order  to  make  each  IGBT  an  independent  floating  switch  (and  avoid 
multiple  ground  loops),  a  high  frequency  (HF)  transformer  was  utilized  for  galvanic 
isolation.  Each  IGBT  requires  a  gate-circuit  dc  power  source  that  is  physically 
connected  to  the  emitter  of  the  IGBT.  Although  the  source  does  not  need  to  be  highly 
regulated,  it  must  not  exceed  the  maximum  allowable  gate  voltage  (15V)  for  the  chosen 
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IGBT.  At  NPS,  a  central  HF  ac  source  was  used  to  distribute  power  to  the  primary  side  of 
multiple  transformers  with  very  low  primary-to-secondary  coupling  capacitance. 

The  transfonner  chosen  was  the  MagneTek  SwitchMode/High  Frequency 
Gate  Drive  Transformer  (GDE25-2).  It  is  rated  with  a  tums-ratio  of  1 : 1 ,  a  maximum 
leakage  of  2.5  pH  and  a  minimum  inductance  of  0.68  mH.  The  technical  sheet  for  this 
single-  input,  double-output  transfonner  is  included  in  Appendix  A. 

b.  Decoupling  Capacitor 

In  order  to  eliminate  the  DC  signal  from  the  input  to  the  transfonner,  a 
decoupling  capacitor  is  required.  The  Panasonic  1.0  pF,  50-volt,  Stacked  Metallized- 
Film  capacitor  was  chosen  for  this  purpose. 

c.  Full  Wave  Bridge  Rectifier 

The  rectification  of  the  transfonner  AC  output  signal  to  positive  and 
negative  DC  voltage  levels  was  achieved  with  the  use  of  a  full-wave-bridge-rectifier 
(FWBR)  configuration.  The  1N4148  Rectifier  Diode  was  selected  for  use  in  the  design 
of  the  FWBR.  It  is  a  500  mW,  100-volt,  silicon-epitaxial  diode  with  a  reverse  recovery 
time  of  4  ns. 


d.  Opto-coupled  Gate  Driver  Chip 

The  TOSHIBA  TLP-250  was  selected  for  the  gate  driving  circuit  for  the 
International  Rectifier  IGBT.  This  device  consists  of  a  Gallium- Aluminum- Arsenide 
light  emitting  diode  and  an  integrated  photo-detector.  It  is  an  8-pin  device  and  a  diagram 
of  component  is  shown  below  in  Figure  3-5.  Its  recommended  operating  conditions 
include  an  input  current  of  8  inA  and  a  supply  voltage  of  ±  15  V. 
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Figure  3-5:  Schematic  of  Opto-Coupled  Gate  Driver  Chip  [From  Ref.  11.] 

1 .  Gate  Driver  Capacitor.  A  requirement  for  the  input  side  of  the 
gate  driver  chip  is  the  placement  of  a  1.0  pF  capacitor  across  the  positive  and  negative 
voltage  input  leads.  The  Panasonic  1.0  pF,  50-volt,  Ceramic  Multi-layer,  Radial-Leaded 
capacitor  was  chosen  for  this  function. 


2.  Gate  Driver  Chip  Output  Resistor.  The  current  rating  from  the 
output  of  the  gate  driver  to  the  gate  of  the  transistor  is  ±  0.5  amps.  A  5-ohm  resistor  is 
required  to  achieve  this  current  rating. 

3 .  Gate  Driver  Chip  Input  Resistor.  The  input  signal  to  the  gate 
driver  chip  should  operate  at  10  inA.  With  a  5-volt  input  signal  coming  from  the  logic 
section,  and  a  1.6  -volt  rating  across  the  input  diode  of  the  driver,  a  360-ohm  resistor  is 
required  to  obtain  the  10  inA  current  into  the  device. 
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D.  SUMMARY 

This  chapter  focused  on  the  selection  of  components  required  for  the  design  and 
development  of  the  converter  and  for  the  gate  driver  circuit  needed  to  drive  the 
converter’s  IGBT  network.  The  following  chapter  provides  a  description  of  the 
converter,  gate  driver  and  op-amp  power  supply  circuits  that  were  designed  and  built  for 
operation. 
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IV.  DESIGN/CONSTRUCTION  OF  CONVERTER  POWER  UNIT  AND 
CASCADED  MULTI-LEVEL  CONVERTER 


A.  PURPOSE 

This  chapter  contains  a  description  of  the  design  and  construction  process  of  the 
Cascaded  Multi-Level  Converter  (CMLC).  The  overall  CMLC  design  consists  of 
twenty-four  inter-connected,  individual  ‘power’  units.  A  power  unit  is  a  standardized 
module  that  includes  an  IGBT  and  heat  sink  platfonn  with  a  snubber  circuit  card  and  a 
gate-driver  circuit  card.  The  following  sub-sections  describe,  in  detail,  the  power  supply 
op-amp,  each  section  of  this  power  unit  and  the  design  and  construction  of  the  CMLC. 

B.  DESIGN  OF  THE  POWER  SUPPLY  OPERATIONAL  AMPLIFIER 

Each  gate-driver  power  circuit  in  the  converter  circuit  requires  a  30-volt,  20  kHz 
input  sine  wave.  The  TEXTRONIX  1 1  MHz  Function  Generator,  available  in  the  NPS 
Power  Laboratory,  has  a  maximum  output  of  10  V.  Therefore,  it  is  not  capable  of 
meeting  the  30  V  requirement,  nor  is  it  capable  of  providing  the  total  current  drawn  from 
each  gate-driver  power  circuit. 

An  operational  amplifier  circuit  is  required  to  amplify  the  function  generator 
output.  The  National  Semiconductor  LM12CL  80W  Operational  Amplifier  was  procured 
to  perfonn  this  function.  Figure  4-1  shows  the  manufacturer’s  recommended  schematic 
for  the  Op-Amp  for  configuration  as  an  audio  amplifier. 
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Figure  4-1:  LM12CL  Op-Amp  Schematic  [From  Ref.  12.] 

The  dc-gain  of  the  audio  amplifier  is  ‘4’  as  determined  by 

Gdc  =  l  +  ~  *1  +  —  *4  (4-1) 

*  Rl  1.1 

This  dc-gain  is  sufficient  to  achieve  the  amplification  of  the  function  generator  output  to 
the  30-volt  requirement. 

The  frequency  response  of  the  amplifier  design  was  verified  using  MATLAB’s 
built-in  bode-plot  analysis  software.  Appendix  B-l  is  the  MATLAB  Code  written  for 
this  analysis.  The  results  of  the  Bode  plot,  Figure  4-2,  obtained  from  the  ac-gain 

A)W(<A+h/+A  .... 

K)W(CT+*. 

shows  the  audio  amplifier  providing  sufficient  gain  throughout  the  planned  operating 
frequency  of  20  kHz.  In  Equation  (4-2),  Rf  =3.3  kf2,  Rd  =  1.1  kf2,  and  C/  =  1.5  nF, 
thus, 
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(3.3xl03)(l.lxl03)(l.5xl0  9)5  +  (4.4x103)  (5.445x  1(T3)s  +  (4.4x103) 

“e  ~  (3.3xl03)(l.lxl03)(l.5xl0  9)5  +  (l.lxl03)  ~~  (5.445xlCT3)s  +  (l.lxl03) 


Bode  Diagram 


Frequency  (rad/sec) 


Figure  4-2:  Frequency  Response  of  Op-Amp  Circuit 


It  was  determined  that  the  components  recommended  by  the  manufacturer  to 
build  the  op-amp  circuit  were  sufficient;  however,  in  addition  to  the  schematic,  the 
application  of  a  heat  sink  for  the  Op-Amp  was  determined  to  be  necessary.  The  use  of 
Wakefield  Engineering  Type  341K  heat  sinks  properly  drilled  to  allow  the  op-amp  leads 
to  connect  to  the  supporting  circuit  allows  for  the  effective  cooling  of  the  amplifier. 

C.  DESIGN  OF  IGBT  GATE  DRIVER  POWER  CIRCUIT 

The  centerpiece  of  the  gate  driver  circuit  is  the  opto-coupler  gate  driver  chip.  The 
chip  requires  ±  1 5  V  of  supply  voltage  and  a  digital  input  voltage  (0  or  5  V)  to  produce 
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the  needed  output  signal  to  the  IGBT  gate  circuit.  The  ±  15  V  will  be  obtained  by 
feeding  the  Power  Supply  Op-Amp’s  30  V,  20  kHz  sine-wave  through  the  1:1  Dual 
Output  Transformer  and  then  through  a  full  wave  bridge  rectifier. 

Figure  4-3  shows  the  configuration  of  the  transfonner  and  the  rectifier  diodes  that 
provides  an  output  of  ±  15  V.  The  dual  outputs  of  the  transformer  are  connected  in 
series,  making  the  common  connection  point  the  system  ground.  This  allows  the  positive 
portion  of  the  30  V  sine-wave  to  feed  into  the  top  half  of  the  FWBR  and  the  negative 
portion  of  the  sine  wave  to  feed  into  the  bottom  half  of  the  FWBR.  To  ensure  any  dc 
offset  is  eliminated  from  the  input  signal,  1.0  pF  capacitors  were  placed  in  series  with  the 
positive  and  negative  input  leads  of  the  transformer. 


Figure  4-4  shows  the  pin  configuration  of  the  op  to-coupled  gate  driver  chip  or, 
simply,  the  opto-coupler.  The  positive  15  V  signal  connects  to  pin  8  and  the  negative 
15  V  signal  connects  to  pin  5.  The  digital  signal  input  is  connected  across  pins  2  and  3. 
The  output  signal  from  the  chip,  the  signal  that  controls  the  IGBT  gate,  connects  to  the 
IGBT  from  pin  7  and  through  a  5-ohm  resistor. 


26 


Figure  4-4:  Pin  Configuration  for  Opto-Coupled  Gate  Driver  Chip  [From 
Ref.  12.] 

The  digital  input  signal  to  the  gate  driver  chip  must  be  isolated  from  the  rest  of  the 
gate  driver  circuit  and  the  converter  circuit.  More  importantly,  the  input  signal  voltage 
must  be  diode-clamped  to  match  the  voltage  drop  caused  by  the  opto-coupler’s  input 
diode.  This  is  accomplished  by  a  series  connection  of  two  rectifier  diodes  placed  across 
the  positive  and  negative  leads  of  the  input.  To  limit  the  input  current  into  the  gate-driver 
chip  to  10  mA,  a  360  Q  resistor,  was  introduced.  Figure  4-5  is  a  sketch  of  the  complete 
gate-driver  circuit  including  the  decoupling  capacitors. 


Figure  4-5:  Gate  Driver  Circuit 
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D.  DESIGN  OF  IGBT/SNUBBER  CIRCUIT  CARD 


The  IGBT  and  the  snubber  circuit  carry  a  large  current  during  the  operation  of  the 
converter.  An  important  aspect  for  the  design  of  the  IGBT  and  snubber  circuit  tandem  is 
the  effective  heat  removal  for  the  IGBT  and  the  snubber  circuit  diode  and  resistor.  For 
this  circuit,  the  IGBT  will  be  mounted  flush  onto  the  Wakefield  Engineering  Type  64 IK 
heat  sink  with  the  leads  pointing  out  over  the  edge  of  the  sink.  The  transistor  positioned 
in  this  manner,  as  shown  in  Figure  4-6,  will  allow  the  snubber  circuit  be  connected  to  the 
IGBT  and  away  from  its  heat  sink. 


Figure  4-6:  IGBT  Mounted  to  Heat  Sink 


Figure  4-7  (previously  shown  in  Chapter  III)  shows  the  proper  layout  of  the  snubber 
capacitor,  resistor  and  diode.  Not  shown  is  the  required  protection  for  the  IGBT  gate 
from  static  discharge.  The  final  design  includes  a  cathode -to-cathode  zener  diode 
tandem  connecting  the  gate  with  the  emitter  and  circuit  ground  protecting  the  transistor. 
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Figure  4-7:  RCD  Snubber  Circuit 

E.  DISCUSSION  OF  CIRCUIT  CONSTRUCTION  MATERIAL 

The  platform  for  each  circuit  board  is  copper  clad  insulator  material.  This 
material  is  used  in  industry  for  circuit  board  design  and  is  usually  processed  using  a 
CAD-CAM  system  which  cuts  copper  pathways  and  drills  holes  for  components  with 
precision.  In  the  interest  of  budget  constraints,  all  circuit  boards  processed  for  this  thesis 
work  were  created  with  a  hand  held  manual  drilling  tool.  Another  technique  used  to 
develop  copper  pathways  between  nodes  was  the  gluing  of  copper  clad  insulator  board 
“strips”  to  the  circuit  board  surface.  This  particular  technique  greatly  simplified  the 
building  process  by  minimizing  the  amount  of  hand-held  drilling  required.  All 
components  were  soldered  to  the  circuit  board  material  using  tin  alloy  solder. 


F.  BUILD  OF  POWER  SUPPLY  OPERATIONAL  AMPLIFIER 

The  first  module  built  was  the  Power  Supply  Operational  Amplifier.  Figure  4-8 
displays  the  template  used  to  layout  the  circuit  board.  The  following  list  is  a  description 
of  the  symbols  used  for  this  template  and  all  following  circuit  templates: 

—  Solid  lines  (including  some  with  hash  marks)  indicate  copper  clad  strips 
glued  to  circuit  board. 
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—  Dotted  lines  indicate  copper  pathways  formed  using  hand-held  tool. 

—  ‘x’  indicates  soldering  points. 

—  ‘o’  indicate  drilled  holes  for  components. 


Figure  4-8:  Circuit  Board  for  Power  Supply  Operational  Amp 


This  circuit  board,  once  constructed,  was  attached  to  the  op-amp  and  two  heat  sinks  by 
soldering  the  op-amp  leads  where  they  passed  through  the  circuit  board.  Figure  4-9 
shows  the  front  view  of  the  built  circuit.  Figure  4-10  shows  the  op-amp  and  the  heat 
sinks. 


Figure  4-9:  Power  Supply  Op-Amp  Circuit  (Front) 
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Figure  4-10:  Power  Supply  Op-Amp  Circuit  (Back) 

G.  BUILD  OF  IGBT  GATE  DRIVER  CHIP  POWER  CIRCUIT 

The  most  complex  circuit  to  build  was  the  gate  driver  circuit.  This  was  a 
complex  design  and  build  due  to  the  amount  of  and  the  size  of  the  parts  used  for  this 
circuit  board.  Components  used  were:  1  transformer,  1  gate-driver  chip,  6  rectifier 
diodes,  5  capacitors,  2  resistors,  4  connectors,  and  9  strips  of  copper  clad.  The  major 
challenge  for  this  circuit  board  was  the  positioning  of  the  transformer  and  the  gate  driver 
chip.  The  transformer’s  bulky  size  (1.5  inches  by  1.5  inches)  was  the  reason  for  the 
device  being  mounted  to  the  underside  of  the  circuit  board  with  the  leads  passing  through 
to  the  top  surface.  The  gate  driver  chip  was  turned  up-side  down  and  glued  to  the  circuit 
board  top  surface  allowing  the  leads  to  be  exposed  for  the  soldering  of  the  required  input 
leads.  Figure  4-11  shows  the  template  used  to  construct  the  circuit. 
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Figure  4-11:  Gate  Driver  Circuit  Board  Template 


Figure  4-12  is  a  digital  image  of  one  constructed  gate-driver  circuit  board.  Figure  4-13  is 
the  bottom  view  showing  the  transformer  and  the  input  and  output  connectors. 


Figure  4-13:  Gate  Driver  Circuit  Board  (Top  View) 
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Figure  4-13:  Bottom  View  of  Gate  Driver  Circuit  Board 

In  Figure  4-13,  the  blue  connector  on  the  right  hand  side  is  the  input  terminals  for 
the  20  kHz  power  supply  and  the  top  blue  connector  is  where  the  board  connects  to  the 
IGBT  gate  and  to  system  ground. 

H.  BUILD  OF  IGBT  SNUBBER  CIRCUIT  CARD 

The  construction  of  the  IGBT  snubber  circuit  card  involved  the  soldering  of  five 
components.  The  challenge  with  this  circuit  was  the  placement  of  the  diode,  resistor  and 
capacitor.  To  ensure  the  snubber  circuit  operates  effectively  and  in  an  optimal  manner, 
the  distance  between  the  diode,  resistor  and  capacitor  leads  must  be  minimized  to  within 
a  few  millimeters.  This  requirement  made  the  soldering  of  these  components  a  tedious 
task.  Figure  4-14  is  the  template  used  to  build  the  snubber  circuit  card. 
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Figure  4-14:  Snubber  Circuit  Card  Template 

Figure  4-15  is  a  digital  image  of  a  completed  snubber  circuit  card.  This  figure 
shows  the  diode  and  the  resistor  with  their  aluminum-strip  heat  sinks  attached.  Figure 
4-16  is  the  side  view  of  a  completed  snubber  card.  At  this  angle,  the  connectors  are 
visible.  The  black  connector  is  where  the  IGBT  leads  connects  to  the  circuit  card  and  the 
green  connector  is  where  the  IGBT  gate  and  emitter  (ground)  connects  to  the  gate  driver 
circuit  card. 


Figure  4-15:  IGBT  Snubber  Circuit  Card  (Top  View) 
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Figure  4-16:  Side  View  of  IGBT  Snubber  Circuit  Card 


I.  THE  CMLC  POWER  UNIT 

Each  constructed  IGBT  and  heat  sink  module,  gate-driver  circuit  card  and  snubber 
circuit  card  were  assembled  to  fonn  the  CMLC  power  unit.  Figure  4-17  is  a  digital 
image  depicting  the  CMLC  power  unit.  The  gate-driver  circuit  card  was  elevated  above 
the  surface  of  the  IGBT  heat  sink  using  two  metal  posts  with  plastic  nuts.  This  design 
allowed  for  the  gate-driver  circuit  card  to  be  far  enough  away  from  the  heat  generated  by 
the  IGBT  during  operation  while  keeping  the  length  of  wire  between  the  card  and  the 
IGBT  gate  as  short  as  possible. 


Figure  4-17:  The  CMLC  Power  Unit 
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J. 


DESIGN/CONSTRUCTION  OF  CASCADED  MULTI-LEVEL 
CONVERTER  (CMLC) 


Twenty-four  power  units  were  constructed  for  use  in  configuring  a  three-phase 
cascaded  multi-level  converter  (each  phase  consisting  of  eight  power  units).  These 
power  units  were  connected  together,  to  clamping  power  diodes,  using  flat-bar  copper 
pieces  cut  and  drilled  and  then  bolted  to  pre-drilled  holes  on  the  snubber  circuit  card  and 
on  the  diodes.  The  entire  phase  configuration  was  then  attached  to  a  vertical  wooden 
structure.  The  circuit  configuration  was  made  vertical  to  allow  for  easier  reconfiguration 
of  power  units  and  troubleshooting  of  the  circuit  during  testing  of  the  CMLC.  Figure  4-18 
is  digital  image  showing  a  completed  phase  of  the  CMLC. 


Figure  4-18:  One  Phase  of  the  CMLC 

K.  SUMMARY 

This  chapter  documented  the  design  and  construction  of  the  power  supply 
operational  amplifier,  the  power  unit  and  its  associated  circuit  cards  and  finally  the 
cascaded  multi-level  converter.  The  next  chapter  contains  a  description  of  the  design 
and  construction  of  the  digital  logic  section  that  controls  the  switching  of  the  CMLC’s 
transistors  to  create  an  ac  sine-wave  from  a  dc  voltage  source. 
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V. 


DIGITAL  LOGIC  CONTROL  OF  CMLC 


A.  PURPOSE 

This  chapter  documents  the  design  and  formulation  of  the  digital  logic  control 
circuit  which  executes  the  switching  of  the  CMLC  transistors.  Some  prominent 
alternative  switching  techniques  are  briefly  discussed. 

B.  DESCRIPTION/BACKGROUND  OF  CMLC  SWITCHING  TECHNIQUES 

One  technique  that  may  be  used  to  control  the  gating  of  a  three-level  converter  is 
sine-triangle  pulse-width-modulation  (STPWM).  The  concept  of  STPWM  involves  the 
production  of  a  sinusoidal  output  voltage  waveform  at  a  desired  frequency  by  comparing 
a  sinusoidal  control  signal,  set  at  the  desired  frequency,  with  a  triangular  waveform. 
Figure  5-1  provides  a  graphical  representation  of  this  concept. 


Figure  5-1:  Sine-Triangle  Pulse  Width  Modulation  [From  Ref.  5.] 

In  Figure  5-1  [5],  the  upper  graph  shows  the  sinusoidal  control  waveform  (vconlmi)  and  the 
triangle  waveform  (vtn)  for  one  phase  of  a  three-level  converter.  The  important  aspect  of 
this  technique  is  the  intersection  of  the  sinusoid  and  the  triangle  waveforms.  During 
operation,  when  an  intersection  is  detected,  the  corresponding  converter  transistors  are 
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gated  ‘on’  or  ‘off  depending  on  whether  vcontroi  is  greater  than  or  less  than  v,n.  This 
‘intersection  detection’  gating  is  shown  in  the  lower  portion  of  Figure  5-1. 

The  major  advantages  of  using  STPWM  are  that  the  harmonics  are  significantly 
reduced  and  the  fundamental  frequency  is  controlled.  When  the  carrier  frequency 
(v control)  is  much  greater  than  the  modulating  frequency  (v„7),  harmonics  are  generated 
along  the  high  end  of  the  frequency  spectrum  and  thus  away  from  the  desired 
fundamental  frequency  (in  most  practical  cases,  60  Hz).  The  major  disadvantages  of  this 
method  are  that  the  modulating  signals  must  be  generated  and  the  intersection  of  these 
signals  monitored. 

Another  technique  that  may  be  used  for  transistor  gating  is  the  Space  Vector 
Modulation  (SVM)  technique.  The  SVM  method  involves  the  transformation  of  each 
converter  state  (all  three  phases)  into  a  single  point  on  a  q-d  stationary  frame.  This 
transformation  is  executed  by  using  the  following  equation  (5-1). 
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Figure  5-2  is  a  representation  of  a  four-level  converter  q-d  stationary  frame  and  the 
possible  converter  states  are  represented  as  black  dots. 


Figure  5-2:  Space  Vector  Modulation  for  the  Four-Level  Converter  [From  Ref.  4.] 
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In  Figure  5-2,  the  circular  trace,  with  the  equally  spaced  small  black  circles,  represents  a 
desired  balanced  set  of  output  voltages  and  is  called  the  reference  trajectory;  the  number 
of  black  circles  determines  the  switching  frequency  of  the  converter.  Although  the  path 
could  be  arbitrary,  a  circular  reference  trajectory  is  chosen  in  the  q-d  plane  since  it  results 
in  balanced  three-phase  sinusoidal  voltages  in  the  time  domain.  The  SVM  technique 
attempts  to  synthesize  the  reference  trajectory  by  averaging  the  amount  of  time  spent  at 
the  three  nearest  states  of  each  reference  trajectory  dot. 

SVM  allows  for  the  utilization  of  more  of  the  bus  or  dc-link  voltage  and  it  lowers 
commutation  losses  [3,  4,  8].  SVM  is  a  method  of  choice  to  control  modern  power 
electronics  circuits.  This  technique  was  considered  for  use  in  this  thesis  circuit; 
however,  the  time  needed  to  build  the  controller  due  to  its  complex  design  forced  an 
alternative  method  to  be  chosen. 

The  digital  logic  design  method  used  for  this  project  is  a  simple,  straightforward 
method  chosen  to  ensure  that  the  converter  was  controlled  with  a  hard-wired  state 
sequencer  that  would  minimize  the  testing  of  the  controller  itself  and  optimize  the  testing 
of  the  CMLC. 

C.  FORMULATION  OF  DIGITAL  LOGIC  CONTROL  ALGORITHM  FOR 

CMLC 

The  CMLC  designed  in  this  project  was  configured  to  operate  at  nine  different 
voltage  levels  from  -4E  volts  to  +4E  volts  (where  E  is  the  standard  DC  voltage 
increment  of  the  CMLC).  The  first  step  in  the  design  of  the  logic  was  the  digitization  of 
a  sine-wave  into  nine  different  levels  throughout  an  index  integer  range  of  0  to  35. 

For  this  process,  an  index  range  of  36  was  selected  in  order  to  achieve  a  digital 
system  requiring  a  clock  that  sequences  through  no  more  than  a  six-digit  number  system. 
Sub-dividing  the  sine-wave  with  a  larger  index  range  would  definitely  enhance  the 
resolution  of  the  wave  pattern;  however,  a  larger  index  range  will  require  a  more 
expensive  and  more  complex  digital  circuit.  A  higher  resolution  sine-wave  is  desirable; 
however,  the  additional  effort  would  bring  this  thesis  work  beyond  the  scope  originally 
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specified.  The  introduction  of  a  more  complex  converter  controller  is  discussed  later  as 
potential  follow-on  work  in  this  area. 

The  equation  that  was  used  to  accomplish  the  digitization  of  the  sine -wave  is 


f 

f 

f  n  ^ 

3 

INT 

4 -(4)  sin 

index 

+  0.5 

V 

V 

V 18  J 

) 

) 

(5-2) 


The  equation  was  implemented  in  an  EXCEL  spreadsheet  function  where  the  INT 
command  ensures  that  the  results  are  integers  and  index  =  {0:35}.  The  results  are 
presented  in  Table  5-1  and  then  graphically  displayed  in  Figure  5-3. 
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5 
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21 

6 

29 

8 

6 

1 

14 

1 

22 

7 

30 

7 

7 

0 

15 

2 

23 

7 

31 

7 

Table  5-1:  Digitized  Sine-Wave  Voltage  Levels 


Figure  5-3:  Digitized  Sinusoidal  Waveform 

Once  the  sine -wave  was  digitized,  a  digital  counter  was  designed.  Using  the  same 
index  range  {0:35},  a  six-digit  counter  was  constructed.  An  important  design  parameter 
of  the  desired  digital  counter  is  the  ability  to  avoid  certain  transistor  sequences  that  would 
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put  the  converter  in  an  unsafe  condition  (e.g.,  all  phase  A  transistors  fired  at  once  causing 
a  short).  To  ensure  unsafe  converter  conditions  were  avoided,  the  use  of  two  grey-scale 
counters  was  introduced  into  the  design.  A  grey-scale  counter  simply  counts  through  a 
pre-programmed  sequence  and  it  does  so  in  such  a  manner  that  only  one  bit  changes  each 
time  it  sequences  [9]. 

As  mentioned  above,  the  grey-scale  counter  sequence  is  purposely  void  of  unsafe 
and  unnecessary  configurations.  In  this  case,  the  two  conditions  are  000  and  111.  The 
counter  sequence  of  each  counter  was  programmed  as  follows: 

001^011^010^110^100^101. 

The  combined  grey-scale  counters  will  then  sequence  from  001001  to  101101  and  never 
exhibit  an  unsafe  or  unnecessary  sequence.  Table  5-2  displays  the  entire  sequence  and 
shows  the  configuration  or  voltage  level  of  the  transistor  at  each  sequence  index.  As  the 
digital  counter  counts  through  the  sequence,  displayed  in  Table  5-2,  it  signals  the  digital 
logic  section  which  outputs  the  appropriate  phase  configuration  based  on  the  digital 
counter  signal  that  is  received.  This  phase  configuration  digital  logic  section  is  a 
four-digit  output  sent  to  the  eight  transistors  that  comprises  each  phase. 
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Counter  # 

Phase  A 

Phase  B 

Phase  C 

Index 

001001 

01100110 

11000110 

00110110 

0 

001011 

01101100 

11000011 

00110110 

1 

001010 

01101100 

11000011 

00110110 

2 

001110 

00110011 

11000011 

00110011 

3 

001100 

00110110 

11000011 

01101100 

4 

001101 

00110110 

11000011 

01101100 

5 

011001 

00110110 

11000110 

01100110 

6 

011011 

00111100 

11000110 

01100011 

7 

011010 

00111100 

11000110 

01100011 

8 

011110 

00111100 

11000011 

11001100 

9 

011100 

00111100 

01100011 

11000110 

10 

011101 

00111100 

01100011 

11000110 

11 

010001 

00110110 

01100110 

11000110 

12 

010011 

00110110 

01101100 

11000011 

13 

010010 

00110110 

01101100 

11000011 

14 

010110 

00110011 

00110011 

11000011 

15 

010100 

01101100 

00110110 

11000011 

16 

010101 

01101100 

00110110 

11000011 

17 

110001 

01100110 

00110110 

11000110 

18 

110011 

01100011 

00111100 

11000110 

19 

110010 

01100011 

00111100 

11000110 

20 

110110 

11001100 

00111100 

11000011 

21 

110100 

11000110 

00111100 

01100011 

22 

110101 

11000110 

00111100 

01100011 

23 

100001 

11000110 

00110110 

01100110 

24 

100011 

11000011 

00110110 

01101100 

25 

100010 

11000011 

00110110 

01101100 

26 

100110 

11000011 

00110011 

00110011 

27 

100100 

11000011 

01101100 

00110110 

28 

100101 

11000011 

01101100 

00110110 

29 

101001 

11000110 

01100110 

00110110 

30 

101011 

11000110 

01100011 

00111100 

31 

101010 

11000110 

01100011 

00111100 

32 

101110 

11000011 

11001100 

00111100 

33 

101100 

01100011 

11000110 

00111100 

34 

101101 

01100011 

11000110 

00111100 

35 

Table  5-2:  Digital  Logic  Sequence  for  Three-Phase  Converter 
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It  was  conveniently  discovered  while  researching  the  cascaded  multi-level 
converter  that,  during  operation,  the  transistors  required  a  complementary  logic  sequence. 
Referring  to  Figure  5-4,  the  complementary  transistor  pairs  are:  T i  and  T3,  T2  and  T4,  T ix 
and  T3X,  and  T2x  and  T4X.  Therefore,  one  half  of  the  phase  transistors  require  direct 
input  from  this  digital  logic  section,  whereas  the  other  half  of  the  transistors  requires  the 
inverted  version  of  the  signal. 


Figure  5-4:  One  Phase  of  CMLC  [From  Ref.  3.] 

D.  PROGRAMMING  OF  PLD  CHIPS 

Advanced  Boolean  Expression  Language  (ABEL)  software  was  used  to  program 
the  counters  and  the  converter  configuration  states.  Appendices  B-l,  B-2,  and  B-3 
contain  the  ABEL  code  for  phases  A,  B  and  C  of  the  CMLC.  A  default  condition  was 
included  for  each  phase.  Even  though  a  safe-guard  was  added  with  the  use  of  grey-scale 
counter,  further  precaution  was  taken  by  making  all  possible  bad  or  unneeded  CLMC 
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states  (000  and  1 1 1)  be  assigned  a  default  configuration  of  “0101”  which  automatically 
switches  the  circuit  to  the  ground  state. 

Once  the  code  was  verified  through  the  use  of  the  ABEL  test  vector  module,  the 
software  was  loaded  into  the  Progammable-Logic  Device  Progamming  system.  The  PLD 
components  used  were  the  20-pin,  P18CV8  chips.  One  PLD  was  programmed  as  the 
digital  counter  and  three  PLDs  were  programmed  as  the  Phase  A,  B  and  C  chips 
containing  the  proper  converter  configuration  information  needed  to  produce  the  desired 
sine-wave  for  each  phase. 


E.  DESIGN  AND  BUILD  OF  THE  DIGITAL  LOGIC  CIRCUIT 

The  digital-logic  circuit  was  constructed  on  a  PB-503  “proto-board”  which 
provides  TTL  Signal  Generator  (clock),  ground  and  5  V  signals  needed  to  power  each 
device.  Figure  5-5  shows  the  circuit  for  one  phase.  The  TTL  Signal  Generator  (variable 
frequency)  inputs  into  the  six-digit  digital  counter  (two  grey-scale  counters).  The  output 
from  the  counter  feeds  into  the  Phase  PLD.  The  four-digit  output  of  the  Phase  PLD  is 
the  signal  that  is  sent  to  the  input  of  each  gate  driver  circuit  card  opto-coupler  which  in 
turn  gates  the  accompanying  IGBT.  As  discussed  in  sub-section  C,  four  transistors 
receive  the  direct  output  (Tl,  T2,  T1X,  T2X)  from  the  Phase  PLD  and  the  other  four 

transistors  receive  an  inverted  version  of  the  output  ( T 1 ,  T2  ,  T IX ,  T2X  )  via  an 
inverter  chip. 
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Figure  5-5:  Digital  Logic  Circuit  for  One  Converter  Phase 


F.  TESTING  OF  DIGITAL  LOGIC  CIRCUIT 

The  digital  logic  circuit,  shown  in  Figure  5-5,  was  tested  prior  to  its  installment 
into  the  overall  converter  circuit.  The  frequency  of  the  TTL  Signal  Generator  was 
decreased  to  1  Hz  and  with  the  output  of  the  Phase  PLD  diverted  to  a  bank  of  LEDs. 
Each  converter  configuration  was  verified  as  the  circuit  sequenced  from  indices  0  to  35. 
Each  Phase  PLD  was  tested  and  all  sequences  were  verified  as  accurate. 

G.  SUMMARY 

This  chapter  presented  a  broad  overview  of  the  alternative  techniques  used  to 
control  modem  power  electronic  circuits  and  then  the  design,  implementation  and  testing 
of  a  digital  logic  controller  was  described.  The  next  chapter,  Chapter  VI,  documents  the 
testing  of  the  CMLC. 
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VI.  TESTING  OF  CMLC 


A.  PURPOSE 

The  purpose  of  this  chapter  is  the  documentation  of  all  test  results  conducted  on 
the  Cascaded  Multi-Level  Converter  (CMLC).  All  testing  was  accomplished  at  the  NPS 
Power  Laboratory  with  available  lab  equipment. 


B.  BACKGROUND 

Prior  to  the  final  assembly  of  the  CMLC,  each  of  the  following  circuits/modules 
were  tested: 

•  Power  Unit  module, 

•  Operational  Amplifier  Power  Supply,  and 

•  Digital  Logic  Switching  Circuit. 

Each  power  unit  module  (discussed  in  Chapter  IV)  was  given  a  post-construction 
test.  The  test  circuit,  shown  in  Figure  6-1,  consisted  of  a  resistor  load  placed  in  series 
with  a  5-VDC  voltage  source,  a  function  generator  and  a  differential  amplifier  probe  and 
oscilloscope  measuring  configuration.  The  IGBT  of  the  power  unit  was  placed  in  series 
with  the  resistor  and  dc  voltage  source,  and  a  10  kHz,  5-volt  square -wave,  provided  by 
the  function  generator,  was  connected  to  the  input  of  the  opto-coupler  device.  The 
differential  amplifier  probes  were  place  across  the  IGBT  collector  and  emitter.  The 
power  unit  module  was  deemed  satisfactory  when  the  IGBT  generated  a  10  kHz,  5-volt 
square-wave  pattern. 
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Figure  6-1:  Power  Unit  Module  Test  Circuit 

The  operational  amplifier  power  supply  was  first  tested  with  one  bank  of  eight 
interconnected  power  unit  modules  as  the  power  supply  load.  The  test  was  satisfactory. 
The  20  kHz,  30  VAC  peak-to-peak  voltage  output  from  the  power  supply  appeared  across 
the  input  of  each  power  unit  module  and  there  was  no  distortion  detected.  The  final 
testing  involved  the  operational  amplifier  connected  to  all  of  the  24  power  unit  modules 
that  make  up  the  three  phases  of  the  CMLC.  In  this  configuration,  the  voltage  output 
suffered  a  resonance  effect  causing  the  output  magnitude  to  pulse  between  30  VAC  peak- 
to-peak  and  0  volts.  This  problem  was  corrected  by  adjusting  the  function  generator 
output  waveform  from  20  kHz  to  40  kHz.  At  40  kHz,  the  operational  amplifier  provided 
a  steady  30  VAC  peak-to-peak  voltage  output. 

The  digital  logic  switching  circuit  test  was  discussed  in  Chapter  V.  Additional 
testing  involving  this  circuit  was  conducted  to  verily  that  all  three  phase  programmable 
logic  devices  operated  correctly. 


48 


C.  TESTING 

The  following  tests  were  conducted  on  the  CMLC: 

•  Single  phase  -  low  voltage/low  current, 

•  Two  phases  -  low  voltage/low  current,  and 

•  Three  phases  -  high  voltage/high  current. 

The  tests  were  conducted  in  order,  as  listed  above,  to  ensure  that  each  phase  segment  of 
the  converter  operated  correctly  and  to  ensure  that  all  phase  segments  operated  in  the 
proper  phase  sequence  in  a  low-voltage,  low-current  condition,  prior  to  operating  the 
entire  converter  in  a  three-phase,  high-voltage,  high-current  condition.  Table  6-1  lists 
the  equipment  used  to  conduct  all  testing  events. 


Table  6.1:  Test  Equipment  List 


Equipment 

Parameters 

Manufacturer 

Part  or  Model 
Number 

Oscilloscope 

100  MHz 

TEKTRONIX 

TDS  3012B 

Oscilloscope 

4  Channel 

TEKTRONIX 

TDS  540 

Variac 

0-280  V,  25  A,  12.1  kVA 

STACO 

2510-3 

Power-stat 

0-280  V,  15  A 

SUPERIOR 

1001 

DC  Power  Supply 

0-30  V,  2A 

TEKTRONIX 

PS  280 

Power  Diode 

Rectifier 

INVERPOWER 

P101  DM 

Filter  Capacitor 

INVERPOWER 

P106  FC 

Function  Generator 

11  MHz,  10  V,  2A 

TEKTRONIX 

CFG280 

Current  Probe 

TEKTRONIX 

TM502A 

Inductor 

42.5  mH,  10  A 

INVERPOWER 

Resistor  Module 

3  kW 

INVERPOWER 

P108RL 

High  Voltage 
Differential  Probe 

1300  V/  130  V 

TEKTRONIX 

P5200 

Multi-meter,  Hand¬ 
held 

EXTECH 

Multi-master  560 
True  RMS 
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1.  Low  Voltage/Low  Current  Tests 

The  input  voltage  sources  for  the  low  voltage/low  current  tests  consisted  of  two 
TEKTRONIX  DC  Power  Supply  units.  Figure  6-2  shows  the  configuration  of  the  power 
supply  units  and  the  CMLC.  One  power  supply  unit  was  configured  to  provide  ±  30 
VDC  to  the  upper  level  of  the  CMLC  and  the  second  power  supply  unit  was  set-up  to 
provide  ±10  VDC  to  the  lower  level  of  the  CMLC. 


Figure  6-2:  Testing  Configuration  (Low  Voltage/Low  Current  Condition) 
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The  load  connected  to  the  CMLC,  during  the  low  voltage/low  current  tests  was  a 
42.5-mH  inductor  placed  in  series  with  a  60  Q  resistor  bank  on  the  resistor  module.  To 
match  the  impedance  of  the  resistor  and  the  inductor 


f  = 


60Q 


R,  _ _ 

2  ttL,  2^(42.5x10^3) 


224.7  Hz, 


(6.1) 


was  used  to  detennine  that  the  CMLC  Digital  Logic  section  must  be  operated  at  224.7 
Hz. 


a.  Single  Phase  -  Low  Voltage/Low  Current  Testing 
During  the  low  voltage/low  current  test  of  CMLC’s  Phase  ‘A’,  ‘B’  and 
‘C’,  the  current  probe  was  adjusted  to  0.5  A/Div  and  the  high  voltage  differential  probe 
was  set  at  1/500.  Figure  6-3  is  an  oscilloscope  digital  image  of  CMLC  Phase  ‘A’  output 
voltage  waveforms.  One  measurement  was  taken  across  the  output  terminals  of  the 
CMLC  (chopped  voltage  waveform)  and  the  second  measurement  was  taken  just  across 
the  load  resistor  (solid  voltage  waveform).  The  CMLC  zero-to-peak  voltage  output 
waveform  measured  as  follows: 

—  1.52  Divisions  x  50.0  mV/Divisions  =  75.0  mV  (Actual  oscilloscope  output) 

—  76.0  mV  x  500  =  38  V  (Differential  amplifier  correction) 

The  38  V  output  compares  closely  to  the  maximum  voltage  (expected)  of  40  V  as 
calculated  in 


Maximum  voltage  (expected)  =  3E  -  ( -  IE )  = 


4E 

T" 


=  40  volts, 


(6-2) 


where  E  =  20  V.  The  difference  between  expected  and  actual  values  is  attributed  to  the 
rated  total  switching  loss  of  each  transistor  in  the  circuit.  This  difference  in  values  will 
be  present  throughout  all  testing  phases.  The  expected  voltage  across  the  resistor  was 
28.3  V  as  calculated  in 


Rload  =  JzJTzJ  =  sJSQ.O2  +  60. 02  =  84.85  Q, 


l 


as 


V 


as 


R 


load 


40 

84.85 


0.471  mA, 


and 


VR  =  RioaJas  =  60  ( 0.47 1  x  1 0~3 )  =  28.28  V. 


(6-3) 

(6-4) 

(6-5) 
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(Note:  The  values  calculated  in  Equations  (6-4)  and  (6-5)  are  r.m.s.  magnitudes) 

The  zero-to-peak  voltage  across  the  resistor  (solid  voltage  waveform)  measured  as 
follows: 

—  1.05  x  50  mV/Div  =  52.5  mV  (Actual  oscilloscope  output) 

—  52.5  mV  x  500  =  26.25  V  (Differential  amplifier  correction) 

The  26.3  V  output  (actual)  compares  closely  with  the  expected  value  of  28.3  V.  Figure 
6-4  is  an  oscilloscope  image  of  the  output  current  ( ias )  superimposed  against  the  CMLC 
Output  Voltage  waveform.  The  measured  value  of  the  zero-to-peak  output  current  was 
as  follows: 

--  0.95  Division  x  0.5  A/Division  =  0.475  rnA 
This  value  compares  closely  to  the  expected  current  output  of  0.471  rnA.  Table  6-2 
shows  the  actual  and  expected  values  of  each  voltage  and  current  measurement  in  Figures 
6-3  and  6-4. 

Table  6-1:  Phase  ‘A’  Voltage  and  Current  Measurements 


Expected 

Actual 

VcMLC  Output 

40  V 

38  V 

V  Resistor 

28.3  V 

26.3  V 

las 

0.471  mA 

0.475  mA 
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Figure  6-3:  Phase  A  Voltage  Outputs  (Chopped  Waveform:  Voltage  Output  of 
CMLC  and  Solid  Waveform:  Voltage  Across  Load  Resistor) 


Figure  6-4:  Phase  A  Voltage  and  Current  Output  (Solid  Waveform:  Output 
Current  and  Chopped  Waveform:  Voltage  Across  CMLC  Output) 


Figures  6-5  thru  6-8  are  the  oscilloscope  images  for  phases  B  and  C.  Table  6-2  displays 
the  results  of  these  measurements. 
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Figure  6-5:  Phase  B  Voltage  Outputs  (Chopped  Waveform:  CMLC  Output  Voltage 
and  Solid  Waveform:  Voltage  across  Load  Resistor) 


, _  , _  26  May  2003 

Math  [  IQOmV  125kHzlB^-»-|l.  16000ms_ 1 1:1 1:42 


Figure  6-6:  Phase  B  Voltage  and  Current  Output  (Solid  Waveform:  Output 
Current  and  Chopped  Waveform:  CMLC  Output  Voltage) 
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Figure  6-7:  Phase  C  Voltage  Outputs  (Chopped  Waveform:  CMLC  Output  Voltage 

and  Solid  Waveform:  Voltage  Across  R) 


Figure  6-8:  Phase  C  Voltage  and  Current  Output  (Solid  Waveform:  Current  and 
Chopped  Waveform:  CMLC  Output  Voltage) 
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Table  6-2:  Voltage/Current  Measurements  for  All  Phases 


Expected 

Measured 

VcMLC  Output  (PhA) 

40  V 

38  V 

VResistor  (PhA) 

28.3  V 

26.3  V 

las 

0.471  tnA 

0.475  mA 

V CMLC  Output(PhB) 

40  V 

39  V 

V  Resistor(PhB) 

28.3  V 

27.5  V 

lbs 

0.471  inA 

0.46  mA 

V CMLC  Output(PhC) 

40  V 

37.5  V 

V  Resistor(PhC) 

28.3  V 

27.5  V 

Ics 

0.471  tnA 

0.465  mA 

Transient  waveforms  were  evident  in  the  display  of  the  CMLC  output 
voltage  for  each  phase.  The  transient  ‘overshoot’  occurred  on  the  voltage  level  just  prior 
to  the  maximum  and  to  the  minimum  voltage  levels.  This  condition  was  considered  a 
minor  problem  as  it  did  not  significantly  disrupt  the  output  current  waveform.  The  cause 
of  this  transient  effect  seems  to  stem  from  the  digital  logic  controller  algorithm.  This  will 
be  addressed  in  Chapter  VII  as  a  recommendation  for  future  work  on  this  circuit. 


b.  Two  Phases  -  Low  Voltage/Low  Current  Testing 
The  testing  of  two  phases  simultaneously  at  low  voltage  and 
low  current  was  conducted  to  ensure  that  the  digital  logic  switching  circuit  was 
controlling  the  CMLC  to  produce  three  waveforms  with  120°  phase  difference  between 
them.  The  same  testing  equipment  configuration  used  during  single-phase  testing  was 
employed  here.  For  purpose  of  clarification,  the  upper  levels  and  lower  levels  of  each 
CMLC  phase  are  connected  in  parallel. 

Figures  6-9  and  6-10  are  oscilloscope  images  captured  during  this  two- 
phase  operation.  Figure  6-9  is  the  voltage  observed  across  the  load  resistors  of  phases 
‘A’  and  ‘B.’  To  measure  the  phase  difference  between  the  two  waveforms,  a  voltage  peak 
from  Phase  A  was  centered  on  the  y-axis  and  the  oscilloscope’s  vertical  cursor  was 
placed  at  the  Phase  B  voltage  peak.  The  difference  between  the  cursor  and  the  y-axis 
measured  3.0  ms.  The  period  of  the  two  waveforms  averaged  at  225  Hz  or  4.44  ms,  and 
using 
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(6-6) 


Z^  = 


3.0 

4A4 


A 


x  360°  =243° 


it  was  determined  phases  ‘A’  and  ‘B’  were  243°  out  of  phase.  The  same  analysis  was 
conducted  on  the  phase  ‘A’  and  ‘C’  waveforms  in  Figure  6-10.  It  was  determined  that 
phase  ‘C’  was  120.91°  out  of  phase  with  phase  ‘A.’ 


Figure  6-9:  Phases  A  &  B:  Output  Voltage  Across  Resistor 


Figure  6-10:  Phases  A  &  C  Output  Voltages  (Across  Resistor) 
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2.  High  Voltage  Test 

The  objective  of  the  high  voltage/  high  current  test  was  to  operate  the  CMLC  in 
three-phase  configuration  at  a  high  voltage/high  current  condition  and  observe  the 
resultant  waveforms.  The  voltages  applied  across  the  upper  and  lower  levels  of  the 
CMLC  were  set-up  using  the  variac-  and  powerstat-voltage  sources  fed  through  the 
power  rectifier  and  filter  capacitor  modules.  The  upper  voltage  was  selected  to  be  270  V 
and  the  lower  level  voltage  was  established  at  90  V  (one-third  the  voltage  of  the  upper 
level).  To  ensure  the  load  resistor  and  inductor  maintained  matching  impedance,  the 
operating  frequency  was  kept  at  224.7  Hz.  With  these  settings  the  expected  voltage  and 
current  outputs  (across  the  load  resistor)  were  calculated  at  180  V  and  2. 12  A  using 
Equations  (6-2)  and  (6-4)  (where  E  =  90). 

The  TEKTRONIX  Four  Channel  oscilloscope  was  used  to  capture  the  three-phase 
current  outputs  while  in  the  high  voltage/high  current  condition.  The  current  probes 
connected  to  the  oscilloscope  were  adjusted  to  1.0  A/Division.  Figure 
6-11  represents  a  digital  image  of  the  oscilloscope  current  measurements.  This  zero-to- 
peak  voltage  was  recorded  at  178.5  V  across  the  load  resistor  and  the  measured  current 
was  recorded  at  2. 1  A.  Table  6-4  lists  high  voltage/high  current  condition  results. 


Table  6-4:  High  Voltage/High  Current  Test  Results 


Expected 

Measured 

VcMLC 

180  V 

178.5  V 

Avg.  Phase  Current 

2.12  A 

2.10  A 
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Figure  6-11:  Three  Phase  Current  Output  with  Current  Probe  @  1.0  A/DIV 

Following  the  prescribed  testing  plan,  the  input  voltage  levels  were  increased  in 
30  V  and  10  V  (upper  and  lower  levels,  respectively)  increments  to  360  V  and  120  V 
(upper  and  lower  levels,  respectively).  While  the  CMLC  was  in  this  configuration,  an 
electric  spark  emanated  from  the  upper  level  of  the  phase  ‘A’  segment  of  the  CMLC  and 
the  upper  level  voltage  source  circuit  breaker  opened.  The  CMLC  was  then  disconnected 
to  support  troubleshooting  in  order  to  find  out  the  cause  of  the  casualty.  The 
troubleshooting  revealed  a  bumed-out  section  on  the  snubber  card  of  the  “Ti”  power  unit 
module.  Figure  6-12  is  a  digital  image  of  the  damaged  card.  It  appeared  that  the 
damage  was  caused  by  the  transistor  collector-to-emitter  current  arcing  over  to  the 
transistor  gate  path  on  the  circuit  card,  creating  a  short  and  causing  the  power  source 
circuit  breaker  to  open.  Further  troubleshooting  revealed  no  apparent  damage  to  the 
circuit. 
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Figure  6-12:  Burned  Out  Section  on  Ti  Power  Unit  Snubber  Card 


D.  SUMMARY 

This  chapter  outlined  the  test  results  on  the  CMLC  found  in  the  laboratory.  The 
following  tests  were  conducted  on  the  CMLC  and  CMLC  components  to  verify  proper 
operation: 

•  Power  unit  module  test, 

•  Operational  Amplifier  Power  Supply  test, 

•  Digital  Logic  Switching  Circuit  test, 

•  CMLC  single  phase  low  voltage/low  current  test, 

•  CMLC  two  phases  low  voltage/low  current  test,  and 

•  CMLC  three  phase  high  voltage/high  current  test. 

In  the  final  chapter,  Chapter  VII,  project  conclusions  and  accomplishments  are  addressed 
as  well  as  possible  follow-on  opportunities. 
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VII.  CONCLUSIONS 


A.  SUMMARY  OF  FINDINGS 

This  research  documented  the  design  and  construction  of  a  Cascaded  Multi-Level 
Converter  (CMLC).  The  key  areas  covered  in  the  thesis  are: 

•  Detailed  schematics, 

•  Detailed  component  parts/manufacturer’s  lists, 

•  Documented  component  selection, 

•  Lab  testing  to  validate  design,  and 

•  Converter  layout. 

The  CMLC  design  process  began  with  a  component  selection  for  the  CMLC 
snubber  circuit  and  gate  driver  circuit  boards.  Components  were  selected  based  on 
specifications  provided  by  theoretical  calculations  and  available  components. 

Chapter  III  detailed  the  component  selection  process  while  Chapter  IV  documented  the 
design  of  the  CMLC  Power  Unit  module  components  and  the  overall  three  phase  CMLC 
circuit.  Digital  pictures  were  taken  of  each  component  built  for  the  CMLC.  Chapter  V 
documented  the  design  and  testing  of  the  Digital  Logic  Switching  Circuit.  Once 
construction  was  completed,  the  CMLC  was  tested  in  the  power  laboratory  to  ensure  all 
components  worked  in  low-voltage  and  high-voltage  conditions. 

B.  OBSERVATIONS 

This  thesis  project  was  a  labor-  and  time-intensive  effort  due  to  the  amount  of 
construction  that  was  necessary.  The  building  of  the  components  and  the  overall  circuit 
represented  approximately  70%  of  the  entire  thesis  effort.  Table  7-1  shows  the 
approximate  amount  of  time  spent  for  the  construction  portion  of  the  project. 
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TASK 

TIME 

—  Build  Snubber  Circuit  Card. 

3.0  Hrs 

—  Build  Gate  Driver  Circuit  Card 

5.0  Hrs 

—  Assemble  Power  Unit  Module 

1.0  Hrs 

Assemble  24  Power  Unit  Modules 

216.0  Hrs 

—  Assemble  CMLC  Phase  (8  Power  Unit 

Modules/Phase) 

8.0  Hrs 

Assemble  3  CMLC  Phases 

24.0  Hrs 

—  Build  Operational  Amplifier  Power  Supply 

8.0  Hrs 

A  considerable  amount  of  time  would  have  been  saved  by  having  a  CAD-CAM  system, 
capable  of  preparing  circuit  boards  for  population,  available  at  NPS. 

The  CMLC  hardware  proved  to  be  robust  and  durable.  In  order  to  tap  the 
potential  effectiveness  of  this  converter  topology,  the  digital  logic  controlling  algorithm 
requires  further  research  and  refinement.  This  improvement  should  eliminate  the  present 
transient  ‘glitches’  present  in  the  current  operation  of  the  converter. 

Further  investigation  into  the  casualty  incurred  during  the  post-testing  high 
voltage  operation  revealed  a  design  improvement  that  is  needed  to  ensure  reliable 
operation  in  future  CMLC  testing.  The  snubber  circuit  card  layout  needs  to  be 
redesigned  in  such  a  manner  to  ensure  that  the  transistor  gate  region  is  moved  further 
away  from  the  transistor  collector-to-emitter  current  region. 
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c. 


FUTURE  WORK 

With  CMLC  technology  offering  high  power  conversion  with  reduced  current 


waveform  harmonics,  continued  research  in  dc-ac  converters  is  vital  for  the  future  of 
naval  ship  electrical  systems.  Many  issues  still  must  be  addressed  in  this  design  area. 
Possible  areas  for  future  research  include: 

•  Development  of  Space  Vector  Modulation  Switching  Circuit, 

•  Development  of  Sine-Triangle  Pulse  Width  Modulation  Switching  Circuit, 

•  Comparison  of  switching  techniques, 

•  Use  of  CMLC  in  analysis  of  propulsion  shaft  transient  noise,  and 

•  The  construction  of  a  reduced-scale  IPS  at  NPS  to  facilitate  additional 
student  thesis  projects. 

With  IPS  selected  for  DD(X),  it  is  critical  for  research  to  continue  in  this  area. 
DC-AC  converters  are  an  integral  part  of  any  electrical  distribution  system  and  the  Navy 
must  continue  with  research  in  this  area  to  ensure  successful  and  reliable  systems  are 
delivered  to  the  fleet. 
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APENDIX  A.  DATA  SHEETS 


Appendix  A  contains  data  sheets  for  all  the  major  components  used  to  construct 
the  operational  amplifier  power  supply  and  the  Cascaded  Multi-Level  Converter. 

A.  NATIONAL  SEMICONDUCTOR  LM12CL  80W  OP-AMP  [From  Ref.  12.] 


National  Semiconductor 


Mary  19B9 


LM12CL 

80W  Operational  Amplifier 


General  Description 

The  LM12  Is  a  power  op  amp  capable  of  drt*ng  ±25V  al 
±10A  while  operating  from  ±30V  supples  The  monolithic  1C 
can  (telhef  80W  cf  sina  wave  power  into  a  411  toad  Alto 
0.01%  distortion  Power  bandwidth  Is  00  KHi  Further,  a 
peaK  dissipation  capability  of  800 W  allows  it  to  handle  reac- 
tf.e  loads  such  as  transducers,  actuators  or  small  motors 
without  derating  Important  features  nctude: 

•  input  protection 

•  controlled  Inn  on 

•  thermal  Imlting 

■  overvoltage  shutdown 

•  oulpil  current  imiting 

•  dynamic  safe  area  protection 

The  1C  delvers  lift*  output  current  at  any  output  voltage 
yet  Is  completely  prelected  against  overloads,  including 
dicrts  to  the  sippies  The  dynamic  sale-area  protection  Is 
provided  try  Instantaneous  peak  temperature  llmltng  wllhfi 
the  power  transistor  array 

The  turn-on  charactedslics  are  controlled  by  Keeping  the 
output  cpsn<lrcuied  unll  the  total  sipply  voltage  reaches 
14V  The  output  is  also  opened  as  fie  case  lemperalne  ex- 

Connection  Diagram 


o=eds  150  C  or  as  the  supply  voltage  approaches  the 
BVctoof  the  output  transistors  The  1C  withstands  overvolt¬ 
ages  to  80V 

This  monolithic  op  amp  Is  compensated  ter  unity-gain  feecF 
tocK,  with  a  smal-signal  bandwidth  of  700  kHz.  Slew  rale  is 
9V.'|is,  even  as  a  follower.  Distortion  and  capacity  toad  sta 
blltty  rival  that  d  the  test  designs  using  complementary  out 
put  transistors  Further,  tie  VZ  Ailhstands  large  differ entld 
riput  voltages  and  Is  well  tehaved  should  th? 
oommoomocte-  range  be  exceeded 
The  LM1 2  establishes  that  monolithic  ics  can  dehor  consid 
erable  output  power  without  resorting  to  complex  switching 
schemes  De»ices  can  be  paralleled  cr  bridged  for  even 
greeter  output  capability  Applications  include  operational 
power  sLppJles.  higl>  voltage  regtialors  hgh  quality  audio 
amplllters.  tape*  head  poslttoreis.  x-y  plollers  or  dher 
servo  centre!  systems 

The  LM12  Is  suppled  in  a  fouMoad,  TO-3  package  with  V- 
cn  the  case  Agdd-eutechc  dlealladi  to  a  molybdenum  lr> 
terrace  is  used  to  avoid  thermal  fatigue  problems.  The  LM12 
Is  spec  (tied  tor  either  military  or  commercial  tern  per  dure 
range 


Typical  Application* 


4-pn  gtau  spcoy  TO-3 
sccfca!  is  avd  latte  mm 


DSSC4.TM1 


A  LG  AT  NO 


Raft  mutter  8112-AGT 


Bottom  View 


Order  Number  LM12CLK 
See  NS  Package  Number  K04A 


O  1999  Mali  oral  Sarrtocnductor  Corporation  00X6704 


wwwnattannl.com 
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Application  Information  (cannuadi 

wtete  ■•'srlely  or  deslgis  with  al  sorb  c<  raut  conditions  A  tew 
simple  precautions  will  eliminate  these  problems  One 
would  do  well  to  read  the  section  on  supply  bypassing, 
lead  I  nductance.  output  damp  diodes,  ground  loops  and 
reactive  loading  before  doing  any  experimentation. 
Should  there  be  problems  with  erratic  operation, 
blow-outs,  excessive  distortion  or  oscillation,  another 
look  at  these  sec  dons  Is  In  order. 

Tire  management  and  protection  drciltry  can  also  affect  opr 
erahcn  Shorid  the  total  sip  ply  voltage  exceed  ratings  or 
drop  be loa  1 5-20V,  the  cp  amp  shirts  off  completely  Case 
temperances  above  ISO  C  also  cause  shut  down  until  Ihe 
lemperaltre  drops  lo  145  c  This  may  lake  several  seconds, 
depending  on  Ihe  thermal  system.  Activation  ot  Ihe  dynamic 
sale  area  protection  causes  both  the  main  feedback  iocp  to 
lose  control  and  a  reduction  In  culpul  power,  with  possible 
oscllallcns  In  ac  applications,  ire  dynamite  protection  will 
cause  waveform  dsbtlton  Since  the  LM12  Is  well  protected 
agansl  Ihermal  overloads,  Ihe  suggeslbns  ter  (tetermlnlrej 
power  dlssipalten  and  heal  sink  requirements  are  presented 


SUPPLY  BYPASSING 

Al  op  amps  should  have  ther  supply  teads  bypassed  with 
low  inductance  capacltois  having  snarl  leads  and  located 
dose  to  the  package  terminals  to  avdd  spinous  csctltatlon 
problems  Power  op  amps  roqure  larger  bypass  capacitors 
The  LM12  Is  slabte  with  goodquallly  etectrctytlc  bypass  ca- 
pacitois  gealer  than  20  pF  Oltrer  conslcteraUons  may  re 
quire  larger  capacitors 

The  cunenl  In  Ihe  supply’  teads  Is  a  reclllted  component  ot 
the  lead  ctrrenl.  II  adequate  bypassing  is  not  prodded  this 
distorted  sigial  can  be  ted  back  irto  internal  crculliy  Law 
distortion  at  llgli  treqitencles  requites  Ihal  the  supples  be 
bypessied  wllh  470  pF  or  more,  al  Ihe  package  leimlnals 

LEAD  INDUCTANCE 

Wllh  ordinary  op  amps,  tead  Inductance  probtems  are  usu 
aly  restricted  to  supply  bypassfeig  Power  op  amps  ere  also 
sensitive  to  Inductance  In  Ihe  output  toad,  partlcUaity  wllh 
heavy  capacitive  loading  Feedack  to  the  inpul  shoild  be 
taken  directly  from  Ihe  output  terminal  minmung  ccmmcn 
Inductance  wllh  the  lead  Sensing  lo  a  remote  load  must  be 
accompanied  by  a  Ugh  frequency  feedback  path  directly 
iron  ire  oripul  teimlnal  Lead  nductance  can  also  cause 
voltage  surges  an  Ihe  sipplies  Vdlh  long  leads  lo  the  power 
source,  energy  stored  n  the  tead  Inductance  when  the  cut 
put  Is  shorted  can  be  drniped  bade  into  Ihe  supply  bypass 
capacitors  when  the  shirt  Is  removed  The  magilludeaf  inis 
transient  Is  reduoed  by  ncteaslng  Ihe  size  or  Ihe  bypass  ca¬ 
pacitor  rear  the  1C.  With  20  pF  local  bypass,  llrese  ’.tillage 
surges  are  Important  only  II  the  teed  lengto  exceeds  a  coupte 
feel  y  >  d  pH  tead  nduclance)  Twisting  together  the  sippl  y 
and  giomd  leads  mnimzes  Ihe  effect. 

GROUND  LOOPS 

With  fast,  high  current  arcniry  all  sals  ol  probtems  can 
anse  mm  improper  grounding.  In  general,  dirtteil ties  can  be 
arcaded  by  reluming  all  groups  seperately  to  a  common 
point  Scmelmes  tils  is  impractical  When  compromising, 
special  altenlon  shoukl  (repaid  to  the  gourd  returns  lor  ltd 
supply  bypasses,  load  and  input  sigial  Ground  planes  also 
help  to  preside  proper  grouidng 


t.lany  problems  nmelated  to  system  pertermance  can  be 
traced  lo  lliegtoundng  ot  line-operated  Iasi  equpmenl  used 
tor  system  checkout  Hdcten  paths  are  particularly  dlltteull  to 
sort  cut  when  several  pieces  a  last  aqilpment  ere  used  but 
can  be  nlntnlzed  by  using  cuirenl  probes  or  Ihe  new  Iso 
lated  osdllosccpe  preamp!  lifers  Ellmrialfeig  any  dfeacl 
gromdcomeclon  between  lire  sigial  generator  end  Iheos- 
ctlloEcope  synchiorlzalten  inpul  solves  one  ccmmcn  prob- 


OUTPUT  CLAMP  DIODES 

When  a  pushpull  amplllter  goes  into  power  llrnl!  wtlle  driv¬ 
ing  an  Inductee  load,  lire  stored  energy  n  Ihe  load  Indue 
lance  can  give  Ihe  output  outside  the  supplies  Although  Ihe 
LM 12  has  internal  damp  diodes  Ihal  can  handle  several  am¬ 
peres  tor  a  tew  mlllseccnds  extreme  ccndllons  can  cause 
cteslrucllon  ol  the  1C  The  Internal  damp  dotes  are  Imper 
led  In  that  about  hall  Ihe  damp  cuirenl  1b ws  Into  the  supply 
to  which  lire  culpul  Is  clamped  while  lire  ether  hall  Itows 
across  Ihe  supplies  Therefore,  lire  useol  external  dbdes  to 
damp  the  output  to  the  power  supples  Is  strongly  recom¬ 
mended  This  Is  parltoularty  Important  with  higher  supply 
voltages 

Expeitence  has  demonstrated  Ihal  hardwire  shorting  lire 
oulpul  to  the  supples  can  bdutre  random  tenures  ll  these  ex 
ternal  damp  diodes  are  nol  used  and  Ihe  supply  voltages  are 
above  ±20'/'  Therefore  II  Is  prudent  to  use  outputtemp  d 
odes  even  when  lire  load  Is  nol  parlcuterly  nduchve  This 
also  apples  lo  experimental  selrps  in  that  blowouts  have 
been  observed  when  diodes  were  not  used  In  packaged 
equpnren!.  II  may  be  possible  to  eliminate  these  diodes,  pro 
vtdng  that  fault  ccndlllcns  can  be  controlled 


Heal  sinkng  or  lire  damp  diodes  Is  usually  uilmponanl  in 
Ihal  they  aly  clamp  cunenl  transtente  Forward  dop  with 
ISA  taut  transients  Is  a  greeter  concern  Usualy,  these 
transients  de  oU  rapidly.  The  damp  to  Ihe  negUlve  supply 
can  have  somewhat  reduoed  ettecteerress  aider  worsl  case 
condllbns  should  lire  forward  dop  exceed  1  ,0V  Moinllivg 
this  dkxte  lo  ttre  power  op  amp  heat  sink  mproves  the  site  - 
alien.  Although  the  need  has  aly  been  demonsIrUed  with 
some  molor  loads,  Inctedrq  a  third  dode  (DJ  above)  will 
elmlnate  any  concern  about  Ihe  clamp  dades  This  dode, 
however,  must  be  capable  ol  dsslpatlng  ccnUnucus  power 
as  determined  by  lire  negative  sipply  cuirenl  a  Ihe  op  amp 

REACTIVE  LOADING 

Ttre  LM12  Is  notmaly  stable  wllh  resistive,  inductee  a 
smaller  capaclltee  loads  Larger  capadllve  toads  interact 
with  lire  open  bop  output  resistance  (about  IQ)  to  reduce 
the  phase  margin  a  lire  feedback  loop  UUmafely  causing 
ascllalton  Tire  critical  capacitance  depends  upon  lire  teed 
hack  applied  around  Ihe  amplllter  a  inity  gain  kd fewer  can 
handle  about  0  01  pF  white  more  than  1  pF  does  nol  cause 
problems  ll  lire  loop  gain  Is  ten  Wllh  bep  gains  greater  than 
unity,  a  speedup  capacitor  across  Ihe  feedback  resistor  will 
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ad  stability  In  at  cases,  Ihecp  amp  Mil  behave  predictably 
only  II  tie  sippltesare  property  bypassed  gourd  loops  are 
collided  and  htghfr  equerry  feedback  Is  cfcrl.ed  drectty 
nan  Ihe  output  terminal,  as  recommended  eatler 
So-called  capacfltoe  loads  are  not  always  cap acl live  A 
tagh-Q  capacitor  in  combination  with  long  Pads  can  present 
a  sertesrescnant  Pad  b  Ihe  op  amp  In  piacltoe,  this  P  not 
usually  a  problem;  but  the  sltuallon  shoJd  be  kepi  n  mind. 


u 
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Large  capacllhe  loads  (Including  series  resonant)  can  be 
axommodaled  by  bolding  Ibe  leedtadr  amplllPt  Horn  Ihe 
load  as  shewn  atxr.e  The  Inductor  gwes  low  output  imped 
ance  at  lower  frequences  white  pfenning  an  isolating  im 
pedance  al  high  Irequendes  The  resistor  kllfe  Ihe  Q  or  se¬ 
nes  resonant  dralts  lornned  by  capacitive  loads  A  low 
inductance,  catton  composition  resistor  Is  recommended 
opllmum  vatapsaf  L  and  R  depend  upon  tip  leedback  gain 
and  expected  nature  ol  Ihe  load,  but  are  nol  critical.  A  4  pH 
Inductor  Is  oblaned  wtlh  14  tuns  ol  number  18  wte,  close 
spaced,  arcund  a  orp-nctvdameter  lorn 


The  L  Ml  2  can  be  made  stable  tor  al  bads  with  a  large  ca 
pacllcr  on  lib  output,  as  shown  aberee.  This  compensalbn 
g  oes  Ibp  lowest  possible  ebsevd  loop  output  Impedance  al 
Ugh  frequencies  and  Ihe  best  bad  transient  response.  It  Is 
appropnale  lor  such  apptlealons  as  voltage  regulators 
Aleedback  capaclbr,  C„  Is  competed  dltecby  to  Ihe  oulpul 
pin  ot  the  1C.  Tib  output  capaclbr,  C3,  Is  connected  al  Ihe 
oulpul  terminal  wllh  short  leads  Slngb-poni  groundng  to 
aiold  dc  and  ac  ground  loops  Is  advised 
Themppdanoa.Zt.lsthe  wire  ccnrpcUng  Ihe  cp  amp  oulpul 
to  Ifb  load  capadlor  About  3  inches  ol  nimber  IB  wire 
(70  nHi  gves  good  stablllly  and  18-mches  (400  nH)  begins 
to  degrade  load  Itansbnl  response  The  mnimim  ioad  ca 
pactlanoe  is  47  pF.  II  a  adkT  tantalum  capadlor  with  an 
eqilvslenl  series  resistance  (ESR)  ol  0  111  Is  used  Electro¬ 
lytic  capacitors  work  as  wet,  although  capacitance  may  have 
to  be  increased  to  200  pF  tabling  ESR  below  0.  la 
Loop  slablllly  Is  nol  Ihe  only  conoem  when  op  amps  are  op 
crated  with  readme  loads  with  ime  varying  signals,  power 
dsslpallcn  can  also  ncrease  markedly  This  Is  pertlcuPrly 
true  with  Ihe  compnalten  ol  capadltae  toads  and 
high  frequency  exdtalton 
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INPUT  COMPENSATION 

The  LI.112  Is  prone  to  tow  amplitude  oedllahon  burst  oom- 
ing  out  cr  saliralton  It  Ihe  MghTrequercv  loop  gan  is  near 
mlty  The  voltage  rolorwer  conrpchcn  Is  most  susceplbte 
This  gliding  can  be  elminated  at  Ihe  expense  cr 
smallslgid  bandwidth  using  hput  compensation  Inpul 
componsallon  can  also  tb  used  In  ocmblnatlcn  with  LR  load 
Isolation  to  Improve  capacitive  toad  Stability 


An  example  d  a  voltage  follower  with  input  coitpensdlon  is 
shorwn  here.  Tib  R,c,  comblnalton  across  Ihe  inpii  woiks 
with  R,  to  reduce  feedback  al  high  Irequendes  without 
geally  anechng  response  below  100  kHz.  A  lead  capadlor, 
Cv  lmprcr>es  phase  margin  al  Ihe  mlty  gan  crossover  fre¬ 
quency  Proper  operallcn  requres  that  lib  output  Impedance 
ol  the  drctllry  driving  Ihe  follower  tb  well  mdet  1  ksi  al  tre- 
quenebs  up  to  a  lew  hundred  kltotbflz. 


Extending  hpul  compensation  to  Ihe  integrator  connection  is 
shewn  here  Both  the  follower  and  inis  integrator  wll  handle 
1  pF  capacllhe  loading  without  LR  oulpul  isdatton 

CURRENT  DRIVE 

m«  n2* 

I  Ok  I  Ok 


This  drcul  prostates  an  oulpul  current  proportional  to  lib  In¬ 
put  vdtage  current  dice  Is  somellires  preferred  tor  servo 
motors  because  II  aids  in  slablllTlng  Ibe  servo  bep  by  reduc 
lug  phase  lag  caused  by  motor  Inductance  In  applications 
requmng  Imp  oulpul  tesislance,  such  as  operahcnal  power 
sipples  running  in  the  cuirenl  matte  maiding  ol  Ihe  feed 
back  rest  store  to  OjOV4  is  requred  Alternately,  an  ad|usl- 
able  reslslcr  can  be  used  tor  trimming 
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OPERATIONAL  POWER  SUPPLY 


External  cuirent  imit  can  te  presided  tor  a  power  of'  snip  as  shewn  above  The  posture  and  negative  current  Unite  can  te  set 
precisely  and  independently  Fast  response  Is  assured  by  D,  and  D.  Adjustment  range  can  be  set  down  to  zero  with  potentiom¬ 
eters  Rj  and  Rx.  Alternately,  the  limit  can  be  progammed  tram  a  voltage  sipplled  to  R,  and  R,.  This  Is  Ihe  set  ip  regured  tor 
an  operational  pcwer  sip  pry  a  voltagepiogrammabte  power  source 

SERVO  AMPLIFIERS 


’iVhen  making  servo  systems  with  a  power  op  amp,  there  is 
a  temptation  to  use  It  tor  frequency  shapng  to  stabilize  the 
servo  loop  Sometimes  this  woiKs;  oilier  tines  ire  re  are  bet¬ 
ter  werys;  and  occasionally  It  |ust  doesn't  tty.  Usually  It  s  a 
mailer  ct  hew  quickly  and  to  Ahat  axuracy  the  servo  musl 
stabilize 


This  motor, 'lachcmeler  servo  gives  an  output  speed  proper 
tlonal  to  input  voltage  A  low-level  op  amp  Is  used  tor  fre¬ 
quency  shaping  whle  Ihe  poser  op  amp  provides  curenl 


dilve  to  Ihe  motor  cuirent  ctfve  eUmhales  loop  phase  still 
due  to  motor  trdiiDlance  and  mates  htglrpertcrmance  ser 
'vos  easier  to  stabilize 


This  position  servo  uses  an  op  amp  to  develop  the  rale  sig¬ 
nal  elechtcally  nstaad  ot  using  a  tachometer.  In 
h*gl>p>sr1ormance  servos  rale  slgials  musl  be  developed 
with  large  error  signals  sell  beyond  saturation  or  Ihe  motor 
dilve  Using  a  separate  op  amp  with  a  feedback  dairp  al¬ 
lows  lire  rale  signal  to  be  developed  prcprerty  with  position 
eircrs  more  than  an  order  cl  magnitude  beyond  Ihe 
loop  salualton  level  as  long  as  Ihe  photodiode  sensois  are 
positioned  with  this  n  mm 
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AUDIO  AMPLIFIERS 


VOLTAGE  REGULATORS 


An  op  amp  can  be  used  as  a  positive  01  negative  regulator 
Unlike  most  re  gala  to  is,  it  can  srrk  current  to  absorb  energy 
dumped  back  Into  the  oulpU  This  positive  regulator  has  a 
0-50V  output  range 


Dual  supples  are  not  reqilred  lo  use  an  op  amp  as  a  voltage 
regulator  ll  zerooulput  Is  not  required  Ttls  4V  to  50V  regu 
lator  operates  Iron  a  snge  supply  should  the  op  amp  not 
be  able  lo  absorb  enough  energy  lo  control  an  overvoltage 
ccndllcn,  a  SCR  Mil  crowbar  tie  output 

REMOTE  SENSING 


Remote  sensing  as  shown  above  aiows  the  op  amp  lo  cor¬ 
rect  lor  dc  (tops  n  cables  comeclng  the  bad  Even  so 
cable  Hop  wll  afreet  transient  response.  Degradation  can  be 
mnimzed  by  using  tMsted,  heavy  gauge  wiles  on  Ihe  oul 
pul  line  Nomraly,  eommen  and  one  Inpul  a  re  com  ee  fed  to¬ 
gether  al  Ihe  sending  end 


A  power  amplllfec  sullalte  (or  use  in  ingi  qualiry  audio  eggp 
merit  Is  shown  above  Harmcnb  dtstortbn  Is  about 
O.OI-peroenl  IntermodulaUon  dlslorllon  ,60  Hz, 7  kHz  4:1) 
measured  0015  percent  Transient  response  and  saltralbn 
recovery  are  dean,  and  the  9  Vps  slew  rate  ol  Ihe  LM 12  vir¬ 
tually  eimlnates  transient  infermdubllon  dlslorllon  Usng 
separate  amptlllas  lo  dive  low-  and  high  freguency  spxeak 
as  gefc  rid  or  mghleuel  crossova  networks  and  alloiua 
las  Further.  II  prevent  clppmg  on  Ihe  low-tiequaicy  chan¬ 
nel  irom  dslorllng  the  btgh  frequencies 

DETERMINING  MAXIMUM  DISSIPATION 

II  Is  a  simple  mailer  to  establish  powa  requirement  tec  an 

cp  amp  drr.  ng  a  resistive  load  al  ftequoictes  well  bdow 

10  Hz  Maximum  dsslpatlon  occus  when  Ihe  oupul  Is  al 
cne-halt  Ihe  supply  volbge  with  high  the  conditions  Them 
dvtcbal  output  Iranslstois  must  be  rated  lo  handle  this  power 
ccnllnucxisly  al  Ihe  maximum  expected  case  tempxeraure 
The  powa  ratbg  t  limited  by  the  maximum  |mclion  tem¬ 
perature  as  detambed  by 

Tj  -  Tc:  ♦  Pass  Ujc. 

where  Tc  Is  Ihe  case  temperalire  as  measued  al  life  colter 
ol  the  package  bottom.  Pn„  Is  Ihe  madman  power  dissipa¬ 
tion  and  t  Ihe  lhamal  resistance  at  Ihe  opaalhg  voll¬ 
eys  ol  Ihe  output  translsla  Recommended  maxrnum  Jure: 
hen  lempeialues  ae  200  C  wlthb  Ihe  pcvwa  transistor  and 
ISO  C  ter  Ihe  conlrol  dtcullry 

11  there  Is  ripple  on  Ihe  supply  bus.  II  t  valid  lo  use  Ihe  aver¬ 
age  value  b  worst-case  cdculatlans  as  bag  as  the  peak  rat¬ 
ing  or  Ihe  powa  transbta  t  not  exceeded  at  Ihe  rlppb  peak 
Win  120  Hz  npple.  Ibis  Is  1.5  times  Ihe  oonlbuous  power 
rating. 

Dissipation  requirements  ae  nol  so  easily  established  with 
lime  vaiyng  output  signals,  espedaly  with  reactive  bads 
Both  peak  and  conlbibus  dissipation  ratings  must  be  taken 
Into  account,  and  these  depend  on  the  signal  wavelbim  as 
wall  as  load  chaactedslbs 

'Allh  a  sine  wave  ailput.  analysis  Is  tarty  slraghtterward 
'/Oth  sip  ply  voltages  a  ±V.„  the  maximum  avaage  pcwei 
dsslpallcn  ol  both  output  translsters  Is 
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where  ZL  Is  Ite  magillude  ol  the  load  impedaree  and  »  Its 
phase  ange  Maximum  average  dlsspalbn  oocus  be  to* 
manmum  output  swhg  nor u  <  40’. 
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The  Instantaneous  power  dissipation  over  the  rendu  cling 
halt  cycle  ot  ore  oulpul  Irarelslor  Is  shown  here.  Power  ds- 
slpaUon  Is  near  zero  on  the  otrer  halt  cycle  The  oulpul  level 
is  that  resulting  in  maxmum  peak  and  average  dissipation 
Plots  are  gi  ven  tor  a  reslslhe  and  a  series  RLtoad  The  tatter 
Is  representative  or  a  411  loudspeaker  operating  below  teso 
ranoe  and  solid  be  the  woist  case  condition  In  most  audte 
applcallcns  The  peak  dlsspahon  ol  aacn  Iranslslor  Is  about 
loir  limes  average  In  ac  applcallcns  poser  capabllty  Is  ol- 
len  limited  by  the  peak  ratings  ol  Ihe  poser  Iranslslor 
The  pulse  Ihemral  resistance  ol  Ihe  LM12  Is  specined  ter 
conslanl  poser  pulse  duration  Eslabllshlng  an  exact 
equivalency  between  constant-poser  pulses  and  these  en¬ 
countered  In  practice  Is  nol  easy  However,  tor  sire  waves, 
reasonable  estimates  can  be  made  at  any  frequency  by  as- 
sumng  a  constant  pos<er  prise  amplitude  gven  by: 

pPK»^[ ’-co* (♦-*!]. 

where  o  =  BO  and  els  tee  absolute  value ottte phase angte 
ol  Z,  Equivalent  piise  width  Is  tnw  i  0.4 1  tor  e  =  0  and  L„ 
-  0.2c  ter  e  a  20  where  t  Is  Ihe  penod  cf  ire  oulpul  wave 
torm 

DISSIPATION  DRIVING  MOTORS 
A  motor  with  a  locked  rotor  tools  Ike  an  Inductance  in  senes 
wtlh  a  resistance,  lor  puiposes  ot  rfclecmlnlng  diver  dlsslpa 
Uon  With  slew-response  servos,  Ihe  maximum  signal  ampl 
lucte  at  requencles  where  motor  inductance  Is  slgillteanl 
can  be  so  small  hal  molor  ndurtance  does  not  have  lo  be 
taken  Into  aooouil.  It  Ills  Is  ire  case,  ttie  motor  can  be 
healed  as  a  sinple,  reslslve  toad  as  tong  as  the  rotor  speed 
Is  low  encugn  that  Ihe  bark  eml  is  smal  by  oompanson  to 
Ihe  supply  vnllaqu  or  the  dfver  transistor 
A  permanent  magnel  molor  can  brild  up  a  back  eml  that  Is 
equal  lo  Ihe  oulpul  swing  ol  re  op  airp  delving  II  Reversing 
this  motor  from  nil  speed  reqiires  Ihe  oulpul  drive  transistor 
to  operate,  mindly  along  a  loadlre  based  [pen  re  motor 
resistance  and  tolal  supply  voltage  Worst  case,  mis  loadlre 
will  have  lobe  within  Ihe  continuous  dsslpalion  ralngot  ire 
dnve  transistor;  bul  system  dynamics  may  permit  taking  ad¬ 
vantage  ol  Ihe  ttgier  piise  ratings  Molor  hdictance  can 
cause  added  stress  ll  system  response  Is  Iasi, 
shunt  and  seneswound  meters  can  generde  back  eml's 
that  are  considerably  more  than  the  told  supply  voltage,  re¬ 


sulting  in  even  higrer  peak  dissipation  than  a 
petmanenl-magrel  motor  har.  ng  the  same  lockedrotor  re¬ 
sistance 

VOLTAGE  REGULATOR  DISSIPATION 
The  pass  transistor  dlsspdlon  ot  a  voltage  regulator  Is  eas¬ 
ily  determned  In  Ihe  operaUng  mode  Maxmum  continuous 
diss paUon  occuiswllh  Ugh  Ire  voltage  and  madmim  bad 
cuirenl.  As  discussed  earlier  nppte  voltage  can  be  averaged 
11  peak  ralm^  are  not  exceerted:  however,  a  higher  average 
voltage  wtl  be  required  lo  insure  lhal  Ihe  pass  transistor 
does  not  saturate  at  the  ripple  minmun 
Condtlons  dulng  slarlup  can  be  more  complex  It  re  Input 
voltage  increases  slowly  such  that  Ihe  regulator  does  nol  go 
Into  cuirenl  Unit  cliagng  oulpul  capacitance,  there  are  re 
problems  ll  not  bad  capactlanoe  and  load  charactertsIKa 
musl  be  taken  Into  acccmt  This  Is  also  re  case  ll  automatic 
restart  Is  required  In  recovering  horn  overloads 
Automatic  reslat  or  start  up  with  lastrtslng  Input  vdtagas 
cannot  be  guaranteed  unless  ire  continuous  dlsspatbn  rat¬ 
ing  ol  the  pass  Iranslslor  Is  adequate  to  supply  re  load  or¬ 
ient  continuously  at  dl  voltages  below  Ihe  regulated  oulpul 
voltage  In  this  regard,  the  LM12  pertorms  much  tetter  lhan 
1C  regulators  using  loldback  curenl  limit  espedaly  with 
hkghilne  Input  voltage  above  20V. 

POWER  LIMITING 


Should  the  power  ralngsotreLM12  be  exceeded,  dynamic 
sale-area  protection  Is  acUvaled  Wavetorms  with  this  power 
liming  ate  shown  tor  re  LM12  diving  ±26V  at  30  Hz  Into 
311  in  series  with  24  mH  (a  =  45  >  V<llh  an  ndu oli  ve  load,  the 
oulpul  clamps  to  Ihe  srpplles  In  power  Unit  as  above  wtlh 
reslsUve  loads,  Ihe  output  voltage  drops  in  IliML  Behavior 
with  more  complex  RCL  loads  Is  between  these  extremes 
Secondary  thermal  limit  Is  activated  should  the  case  tern 
perature  exceed  160  C  This  Itenral  Unit  shute  down  Ihe  1C 
completely  (open  oiiputyuntl  Ihe  case  temperature  deps  to 
about  145  C.  Recovery  may  take  several  seconds 


POWER  SUPPLIES 

Power  op  amps  do  nol  reqrire  regulated  supples  However. 
Ihe  worstcase  output  power  Is  determined  by  the  bwtlre 
supply  votlag?  In  ire  nppte  trough  The  woisl-case  power 
dissipation  Is  established  by  ire  average  supply  voltage  with 
hkghTlne  condtlons  The  loss  in  powei  outpui  lhal  can  be 
guaranteed  is  Ihe  square  ot  the  ralb  or  these  two  voltages. 
Relatively  simple  online  switching  power  supplies  can  pro¬ 
vide  voltage  conversion,  lire  Isolation  and  5-percent  regula 
Uon  while  reducing  size  and  weight. 

The  regulation  agansl  nppte*  and  lire  vanaltens  can  provide 
a  substanlal  Increase  In  Ihe  power  oulpul  lhal  can  be  guar 
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snleed  meter  worst  case  conditions  In  addition,  swinging 
power  sip  plies  can  ooroerl  low  voltage  power  sources  such 
as  automotive  batteries  if)  to  regulated,  did.  hltfi-vollage 
sip  piles  optimized  lor  petering  power  op  amps 

HEAT  SINKING 

A  semiconductor  manulacturer  has  no  control  over  teat  sink 
daskjn  Temperature  rating  can  orly  be  baste  ipon  case 
temperature  as  measured  at  Ite  oenler  ol  Ite  package  bot 
tom  With  power  puses  or  longer  dilation  than  100  ms  case 
temperature  Is  almost  enllely  dependent  on  heal  site  de¬ 
sign  and  the  moulting  otthe  1C  Id  the  teat  sink 


200  MO  1000  2000 

hext-siuk  area  <in!) 

cowman 

The  design  ol  teal  sink  Is  beyond  the  scope  ot  Hits  work 
Convection  cooked  heat  silks  ate  available  commercially, 
and  their  manuradurers  should  te  consulted  lor  raings  The 
precedng  ngure  is  a  rough  gude  ror  temperature  Use  as  a 
(unction  ol  tin  area  (both  sides)  avalable  tor  convection  cool¬ 
ing. 

Proper  (minting  of  the  1C  Is  required  to  minimize  the  theimal 
dep  between  the  package  and  Ite  heat  slrk  The  teat  site 
must  also  have  enough  metal  under  the  package  to  conduct 
haat  hem  the  oenler  ot  the  package  bctlcm  to  Ite  Itos  with 
out  exces&he  temperature  drop 
A  thermal  grease  suchasWteetleld  type  120  or  ThermUloy 
Ttieimaode  should  be  used  when  mounting  the  package  to 
Ite  teal  slrk  Without  this  compound,  thermal  res  (stance  will 
be  no  better  Ilian  0  5  c/W.  and  probably  much  worse  With 
Ite  compound  thermal  resistance  .Ml  te  0.2  C2W  ot  tees. 
3ssun1ng  under  0  005  tochoomtrned  llalness  lunout  ter  the 
package  and  teat  sink.  Proper  toiqulrrg  ot  the  mounltog 
bolts  Is  important.  Ton  to  six  Irchpoincfc  Is  recommended 
Should  It  be  necessary  to  Isolate  V-  Korn  tte  heat  sink  an 
Insulating  waster  Is  requred  Hand  washers  like  terylum  ax 
Ide,  anodized  aluminum  and  mca  require  tte  use  or  tteimal 
compomd  cm  both  races.  two  ml  mica  wastets  are  most 
common,  glvtog  about  0  4  cw  interraoe  resistance  with  the 
compomd  Sllloone  rotter  wasters  ate  also  available  A 
0.5  GW  Itetmal  resistance  is  darned  without  thermal  com¬ 


pound  Experience  has  shown  that  these  rubber  washets 
deteriorate  and  must  be  replaced  shotid  tte  1C  be  dis¬ 
mantled 

•tsoslrate"  Insulating  pods  ter  lout  lead  TO-3  packages  are 
a.-all3ble  tram  Power  Devices,  Inc.  Thermal  gease  Is  not  re¬ 
quired,  and  the  Insulatois  sharJd  not  te  reused 

Definition  of  Terms 

Input  offset  voltage:  Tire  absolute  value  ol  Ite  voltage  be¬ 
tween  the  topul  teimlnals  with  the  output  vottage  and  anrenl 
at  zero. 

Input  bias  c  urrent:  The  absolute  valite  ot  the  average  or  ttre 
two  Input  current  with  tte  output  voltage  and  current  at 

ZEfO 

Input  onset  current:  The  absolute  value  or  Ite  dltetenoe  in 
Ite  two  Input  aments  with  the  oulpri  cottage  and  cuirent  at 
zero. 

Common-mode  rejection:  The  raho  ot  the  inprl  voltage 
range  to  tte  charge  to  onset  voltage  between  Ite  extremes 
Supply-voltage  rejection:  The  raho  ol  Ite  spec llled 
sipply  collage  charge  to  the  change  to  onset  voltage  be¬ 
tween  Ite  extremes 

Output  saturation  threshold:  Tte  output  swing  Unit  lor  a 
spocltted  input  dnve  beyond  that  requred  tor  zero  output  It 
Is  measured  with  respect  to  the  srpply  lo  when  Ite  output  Is 
swtogrg 

Large  signal  voltage  gain :  The  ratio  or  toe  output  voltage 
swtog  to  tte  differential  topul  voltage  requred  to  drive  the 
output  Irom  zero  beltter  swing  limit  Tte  output  swing  limit 
Is  tte  sipply  voltage  less  a  spectned  quasi  valuation  volt 
age.  A  pulse  ol short  enough  duration  to  rnlntoilze  hernial  el- 
IBcta  Is  used  as  a  measirement  slgid 
Thermal  gradient  feedback:  The  input  offset  voltage 
change  caused  by  thermal  gadlents  generated  by  heating  c< 
tte  output  transistors,  but  not  toe  package  This  effect  is  de¬ 
layed  by  several  mlliseoonds  and  resiits  In  Increased  gain 
error  below  100  Hz 

Output-current  limit:  Tteoutpul  cuirent  with  a  ttxed  output 
vollage  and  a  large  Input  ovetdrtve.  The  Itoilllng  current 
(Tops  with  lime  once  the  protection  circuitry  ts  activated 
Power  dissipation  rating:  The  power  that  can  te  dissi¬ 
pated  tor  a  spanned  time  interval  without  activating  the  pro 
lection  circuitry  For  lime  Intervals  In  excess  ot  100  ms,  dis¬ 
sipation  capabllty  Is  teteimlned  by  heal  sinking  ot  tte  1C 
package  ratter  Ilian  by  the  1C  Ifeeli 
Thermal  resistance:  The  peak.  Jifictton  temperature  rise, 
per  uni  ot  internal  power  dissipation,  above  Ite  case  tem¬ 
perature  as  measured  at  the  center  ot  Ite  package  bottom 
The  dc  thermal  resistance  applies  wten  one  output  transis¬ 
tor  Is  operating  conlhuously  Tte  ac  thermal  resistance  ap 
piles  with  the  output  transistors  conducting  altematoty  at  a 
high  enough  frequency  that  the  peak  capability  ol  nelthei 
transistor  Is  exceeded 

Supply  current:  Tte  currerl  required  (rent  tte  power 
source  to  eperate  Ite  ampinei  with  Ite  output  voltage  and 
cirrenl  at  zero 
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Equivalent  Schematic  (exdudlrei  actt^ protection  circulliy> 


LM12CL  80W  Operational  Amplifier 


Physical  Dimensions  Inctes  i  mlllmeteisi  mtess  olterAise  noted 


(3.04-4.04] 


n  sun-1  n?n 


0.4J9-0.JM  . 
(10  47-12,70] 


1-177-1.19 
129.99-30  4 


(0  97-1  09) 


'  [I1.00-I2.19l 


9.S25-0.S5C 
'  (0.20-0.091 

0.000-0.070 
'  [1.53-1.701 


112.45-12. 95| 


’  0.000-0.915 

7<  10*  0  122.35-23.24) 

-i  I 


(19.30-19.601 


(4.27-4.52] 


UHCOHTROaO 
USD  04 

0  025  USk  - 

lO.OsJ*1" 


4-Lead T 0-3  Sloel  Package  (K) 
Order  Number  LM12CLK 
NS  Package  Number  K04A 


LIFE  SUPPORT  POLICY 

NATIONAL'S  PRODUCTS  ARE  NOT  AUTHORIZED  FOR  USE  AS  CRITICAL  COMPONENTS  IN  LIFE  SUPPORT 
DEVICES  OR  SYSTEMS  WITHOUT  THE  EXPRESS  WRITTEN  APPROVAL  OF  THE  PRESIDENT  AND  GENERAL 
COUNSEL  OF  NATIONAL  SEMICONDUCTOR  CORPORATION.  As  used  herein: 


1.  Life  stpport  devices  or  systems  are  devioes  or 
systems  which,  (a)  are  intended  tot  surges!  implant 
inb  the  tody,  or  (b)  support  or  sustain  life  and 
whose  failure  to  perfoim  when  properly  used  in 
accordance  with  inslrudions  for  use  provided  in  the 
labeling,  can  be  reasonably  expected  to  result  in  a 
sign  leant  injury  to  the  user 


Nat»«d  Sara  icon  diet  or 
Corporate* 

T«i  1-SC »32r;  «*') 

Faoc  I-MD-tST-iUIB 
Ervad  u^pot^racoan 


Nuioiul  ScrrKonrijcior 
Europe 

F «<  *4»|0)1  W-aJC'fiBBG 
Enad  suepa  iimcrtftroc  exm 
cuiteh  r«t  *•»),']  i  a D-s3l  as 
Er^.h  To*  1«|]  100-932  78  3; 

«■»!•]  180-932  43  :8 
lubr>j  To*  *43  0  1 80-934  1GS0 


2.  A  critical  component  is  any  component  of  a  life 
support  device  or  system  whose  failure  b  perform 
can  be  reasonably  expected  to  cause  the  failure-  of 
the  life  support  devioe  or  system,  or  to  affect  its 
safely  or  effectiveness 


NaloiaJ  Somcondjcter 
Aact  Pacific  C  u  it  oner 
RupoiM  Crotp 

To*  19*44*0. 

Fax  Q9.290t4H 
E  rwsJ  mm  iiffcrtjE^roc  awn 


Nal»«d  Sintcendrclcr 

Jitn  lid. 

To*  81-3-^J-T9Cft 
Fax  S1-3-9C347907 
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B. 


INTERNATIONAL  RECTIFIER  IRG4PH50KD  IGBT  [From  Ref.  13.] 


International 
IOR  Rectifier 


PD-  91575B 

IRG4PH50KD 


INSULATED  GATE  BIPOLAR  TRANSISTOR  WITH  Short  Circuit  Rated 

ULTRAFAST  SOFT  RECOVERY  DIODE  UltraFast  IGBT 


FMturM 

•  High  short  circuit  rating  optimized  for  motor  control. 
tsC  =10ps.  Vcc  =  720V ,  Tj  =  125aC. 

Vge  =  15V 

•  Combines  low  conduction  losses  with  high 
switching  speed 

•  Tighter  parameter  distribution  and  higher  efficiency 
than  previous  generations 

•  IGBT  co-packaged  with  HEXFRED™  ultrafast 
ultrasoft  recovery  antiparallel  diodes 

Benefits 

•  Latest  generation  4  IGBT's  offer  highest  power  density 
motor  controls  passible 

•  HEXFRED™  diodes  optimized  tor  performance  with  IGBTs. 
Minimized  recoveiy  characteristics  reduce  noise.  EMI  and 
switching  losses 

•  This  part  replaces  the  IRGPH50KD2  and  IRGPH50MD2 
products 

•  For  hints  see  design  tip  97003 

Absolute  Maximum  Ratings 


Vces  =  1200V 
VcE(on)  lyp.  =  2.77V 
®VGE  =  15V.  Ic  =24 A 


Parameter 

Max. 

Units 

Vces 

Colleclor-to-E  miner  Vdlaqe 

1200 

V 

Ic  ®  Tc  =  25°C 

Continuous  Collector  Current 

45 

Ic  ®  Tc  =  100’C 

Continuous  Collector  Current 

24 

IcM 

Pulsed  Collector  Cunent  D 

SO 

A 

Ilm 

Clamped  Inductive  Load  Current  <2 

90 

If  ©  Tc  =  100  C 

Diode  Continuous  Forward  Current 

16 

Ifm 

Diode  Maximum  Forward  Current 

90 

•is— 

Short  Circuit  Withstand  Time 

10 

ps 

Vqe 

Gate-to-Emitter  Voltage 

±20 

V 

Pd  ®  Tc  =  25‘C 

Maxim  urn  Power  Dissipation 

200 

W 

Pd  ®  Tc  =  100'C 

Maximum  Power  Dissipation 

78 

Tj 

Operating  Junction  and 

-55  to +150 

Tbtq 

Storage  Temperature  Range 

»c 

Soldering  Temperature,  for  10 sec. 

300  (0.063  in.  (1.6mml  from  easel 

Mounthq  Torque,  6-32  or  M3  Screw. 

10  Ibfrin  (1.1  N»m) 

Thermal  Resistance 


Parameter 

Min. 

Typ. 

Max. 

Units 

Run 

Junction-to-Case  -  IGBT 

— 

0.64 

C.'W 

Rruc 

Junction-to-Case  -  Diode 

— 

— 

0.83 

Rics 

Case-to-Sink.  Hat.  qreased  surface 

— 

0.24 

— 

R(ua 

Junction-to- Ambient,  typical  socket  mount 

— 

— 

40 

Wt 

Weight 

— 

6(0.21) 

— 

g  (oz) 

www.irf.conri  1 
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IRG4PH50KD 


International 
ior  Rectifier 


Electrical  Characteristics  @  Tj  =  25  C  (unless  otherwise  specified) 


Parameter 

U73 

nwi 

nT?ra 

Conditions 

VOICES 

Cdtecbr-to-Emiller  Breakdown  Voltage  A 

LZ] 

— 

wm 

Vqe  =  0V,  lc  =  25QpA 

AV|ERC£&^T. 

Tenperatire  Coeff.  ol  Breakdown  Vbtage 

— 

PHI 

— 

VcE(an| 

Collector-to-Emitter  Saturation  Voltage 

— 

ill 

b  =  24A  Vqe  =  1 5V 

— 

— 

b  =  45A  See  Fig.  2,  S 

— 

W-TI 

— 

t  =  24A,  Tj  =  16(yC 

Vqehm 

Gate  Th  reshod  Voltaqe 

BHP1 

gfil 

n 

Vce  =  Vqe,  b  =  250pA 

Temperature  Coetl.  ot  Threshold  'dotage 

[ZJ 

KTil 

— 

Vce  =  Vqe,  b  =  250pA 

gt 

Forward  Transconductance  ® 

KU 

■U 

— 

s 

Vce  =  100V.  Ic  =  24A 

Ices 

Zero  Gate  Voltage  Collector  Current 

— 

— 

ivTil 

pA 

Vqe  =  OV,  Vce  =  1200V 

— 

— 

E5mI 

Vqe  =  OV.  Vce  =  1200V.  Tj  =  150rC 

Vfm 

Diode  Forward  Voltage  Drop 

— 

IB 

■cH 

V 

b=16A  See  Fig.  13 

— 

EO 

EQ 

b  =  1 6A.  Tj  =  15CTC 

•gee 

Gat e-to-Emi  Iter  Leakage  Current 

— 

LZJ 

m2 

O 

Vqe  =  ±20V 

Switching  Characteristics  @  Tj  =  25  C  (unless  otherwise  specified) 


Parameter 

Hi 

Conditions 

Total  Gate  Charqe  (turn-on) 

— 

EE3 

nC 

b  =  24A 

Vce  =  400V  See  Fig. 8 

VqE  =  15V 

a* 

Gate  -  Emitter  Charge  (turn-on) 

— 

O 

El 

Q3: 

Gate  -  Collector  Charge  (turn-on) 

— 

m m 

KITil 

i«an 

Turn-On  Delay  Time 

— 

u 

— 

rvs 

Tj  =  25"C 

b  =  24A.  Vcc=800V 

Vqe  =  1 5V,  Rq  =  5.01) 

Energy  losses  include ''la if 
and  diode  reverse  reoovery 

See  Fig.  9.10.1S 

v 

Rise  Time 

— 

Klilil 

— 

Lrictn 

Turn-Oft  Delay  Time 

— 

KETil 

■Elilil 

tr 

Fall  Time 

— 

rm 

lETiTil 

Eon 

Turn-On  Switching  Loss 

— 

pihei 

— 

mJ 

Ej, 

Turn-Oft  Switching  Loss 

— 

— 

Ek 

Total  Switching  Loss 

— 

Will 

EQ 

4c 

Short  Circuit  Withstand  Time 

10 

— 

— 

MS 

Vcc  =  720V,  Tj  =  125‘C 

Vqe  =  1 5V.  Rg  =  5.01) 

*d|CT'| 

Turn-On  Delay  Time 

— 

i m 

— 

ns 

Tj  =  150’C,  See  Fig.  10,11.18 

b  =  24a.  Vqc  =800V 

Vqe  =  1 5V,  Rq  =  5.01). 

Energy  losses  inslude  "taif 
and  diode  reverse  reooveiy 

tp 

Rise  Time 

— 

El 

— 

tarom 

— 

ETTil 

— 

tr 

Fall  Time 

— 

ETHil 

— 

Ek 

Total  Switching  Loss 

— 

M 

— 

Le 

Internal  Emitter  Inductance 

— 

■El 

— 

MMM 

Measured  5mm  from  package 

C« 

Input  Capacitanoe 

— 

Bigg 

— 

PF 

Vqe  =  OV 

Vcc  =  30V  See  Fig.  7 

f  =  1  0MHz 

Coes 

Output  Capacitance 

— 

CD 

— 

c,„ 

— 

El 

— 

V 

Diode  Reverse  Recovery  Time 

— 

o 

■ki-i 

ns 

lF=  16A 

Vn  =  200V 

didt  =  200Aps 

— 

in 

**11  ili  JiPfWil 

ms 

Diode  Peak  Reverse  Reoovery  Current 

— 

HI 

d 

H 

— 

EH 

KU 

Diode  Reverse  Reoovery  Charge 

— 

m 

nC 

— 

EETil 

ITigi] 

liOKskMStfj 

di[r«//dt 

Diode  Peak  Rate  ol  Fall  ol  Recovery 
During  It 

— 

IH1 

— 

A'(is 

— 

E3 

— 

2  www.irf.com 
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(v)iNBdano  QV01  Mtueanojejiiua-oj-jopeiioo  ‘ 


International 

MR  Rectifier 


IRG4PH50KD 


Fig.  1  -  Typical  Load  Current  vs.  Frequency 
(Load  Current  =  Ifms  ot  fundamental) 


Vce.  Colfector-to-Emltler  Ventage  (V) 


Vqe  ,  Qate-lo- Emitter  Voltage  (V) 


Fig.  2  -  Typical  Output  Characteristics 


Fig.  3  -  Typical  Transfer  Characteristics 
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Thermal  Response  (Z^c )  ^  Maximum  DC  Collector  Currsnt(A) 


IRG4PH50KD 


International 
IOR  Rectifier 


25  50  75  100  125  150 


Tq.  Caso  Temperature  ( cC) 

ig.  4  -  Maximum  Collector  Current  vs.  Case 
Temperature 


■60  -40  -20  0  20  40  €0  SO  100  120  140  160 


Tj  ,  Junction  Temperature  (°C) 

Fig.  5  -  Typical  Collector-to-Emitter  Voltage 
vs.  Junction  Temperature 


1 1 ,  Rectangular  Pulse  Duration  (sec) 


Fig.  6  -  Maximum  Effective  Transient  Thermal  Impedance,  Junction-to-Case 


4 
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Total  switching  Losses  <mJ)  c  Capacitance  (pF) 


International 
IOR  Rectifier 


IRG4PH50KD 


1  10  100 


vCE ,  Col  lector-to-Emi  iter  voiiage  (V) 


Fig.  7  -  Typical  Capacitance  vs. 
Collector-to-Emitter  Voltage 


0  10  20  30  40  so 

Rq  ,  Gate  Resistance  ( Q  ) 

Fig.  9  -  Typical  Switching  Losses  vs.  Gate 
Resistance 

www.irf.com 


Fig.  8  -  Typical  Gate  Charge  vs. 
Gate-to-Emitter  Voltage 


Tj .  Junction  Temperature  ( ”C ) 


Fig.  10  -  Typical  Switching  Losses  vs. 
Junction  T  emperature 
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IRG4PH50KD 


International 
ior  Rectifier 


I  c.  Collector  Current  (A) 


i  10  tco  1000  tcoco 

Vce.  Collector-to- Emitter  Voltage  (V) 


Fig.  1 1  -  Typical  Switching  Losses  vs.  Fig.  12  -  Tum-Off  SOA 

Collector  Current 


00  20  to  «o  BO 


Forward  Voltage  Drop  -Vfm  (V) 

Fig.  13  -  Typical  Forward  Voltage  Drop  vs.  Instantaneous  Forward  Current 
6  www.irf.com 
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Intemationo! 
itiR  Rectifier 


Fig.  14  -  Typical  Reverse  Recovery  vs.  dif'dt 


IRG4PH50KD 


Fig.  15  -  Typical  Reoovery  Current  vs.  dif/dt 


dlf«1t-(A/|IS) 


•3 1 1  d t  - 1 A  ps l 


Fig.  16  -  Typical  Stored  Charge  vs.  dipdt 


Fig.  17  -  Typical  d i(rec)M'dt  vs.  dii'dt 


www.irf.com 


7 


85 


IRG4PH50KD 


International 
ior  Rectifier 


Fig.  18a  -  Test  Circuit  tor  Measurement  of 
■lm-  Eon.  Eoitydode).  tn.  Qn.  In.  td(on).  V  Wll). 1| 


x~- 

_ :Y~\  aa _ 

h 

J  - 

•90^  fc 

A 

»  11  ^  5fiS 
Eoif  ■  /V caicd 
JW 

- A 

Fig.  18b  -  Test  Waveforms  for  Circuit  of  Fig.  18a,  Defining 
Eoir.  tdjoii),  t| 


Fig.  18c  -  Test  Waveforms  for  Circuit  of  Fig.  18a,  Fig.  18d  -  Test  Waveforms  for  Circuit  of  Fig.  18a, 
Defining  Eon.  t<j,0n).  t|  Defining  E,,*.  t,,.  QT.  Irl 
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International 
Ml  Rectifier 


IRG4PH50KD 


GATE  signal 
DEVICE  UNOEB  TEST 

CURRENT  D.U.7. 

VOLTAGE  IN  D.U.T. 


CURRENT  IN  01 


Figure  1  8e.  Mocro  Waveforms  for  Figure  18a'sTest  Circuit 


Figure  19.  Clamped  Inductive  Load  Test  Circuit  Figure  20.  Pulsed  Collector  Current 

Test  Circuit 


www.irf.com 
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IRG4PH50KD 


International 
IOR  Rectifier 


Notes: 

®  Repetitive  rating :  VQE=20V ;  pulse  width  limited  by  maximum  junctiontemperature 
(figure  20) 

®Vcc=80%(VCes).  Vge=20V.  L=1  Op  H.  Rg=5.0u(  figure  19) 
d)  Pulse  width  s  BOpis;  duty  factor-:  0. 1  %. 

®  Pulse  width  5.0ps.  single  shot. 

Case  Outline  —  TO-247AC 


; :  5  : :  i 
'  470(18!) 
I  !  5010101 
1 


¥  I  10 1'.  tot  | 

X  1.40  <.0I6| 
1^2*1  |  t02) 
221  |JM7) 


NOTES 

l  0IHENSKJN5  4  T OLE RaIOCIMC 
PER  ANSI  Yu  sfl.  10«I 
I  CvNTROLlfJC  DIMENSION  V£H 
1  DIMENSIONS  ARE  3*j«N 
MILLIMETERS  INCHES* 

4  CONFORMS  TO  JEOEC  OUTLINE 
T0-K47AC 


LEAD  AE-SCNMENTS 
t  ;ate 
l  •  COLLECTOR 
3-EMIHER 
*  -  COLLECTOR 


o  LOP42ER  LEADED  pinnl 
VEREC-N  AVAILABLE  ITO-347AD . 
TO  ORDER  ADO  •-E’SIIFFK 


TOPaRT  NUMBER 


CONFORMS  TO  JEDEC  OUTLINE  T0-247AC  (T0-3P) 

OiTtanHMisn  Mllnetarcarwl  (lnch»s| 


International 
IOR  Rectifier 

IR  WORLD  HEADQUARTERS:  233  Kansas  St,  El  Segundo,  California  90245,  USA  Tel:  (310)252-7105 
IP  EUROPEAN  REGIONAL  CENTRE:  439445  Godstcne  FW,  Whyteleafe,  Surrey  CR3  OBL.  UK  Tel:  ++  44  (0)20  8645  8000 

IR  CANADA:  1 5  Lincoln  Court,  Bramplcn,  Ontario  L6T3Z2,  Tel:  (905)  453  2200 
IR  GERMANY:  Saalburgstrasse  1 57,  61350  Bad  Homburg  Tel:  ri-  49  (0)  6172  965SO 
IR  ITALY:  Via  Liguria  49,  10071  Borgaro.  Torino  Tel:  ++  3© 011  451  0111 
IR  JAPAN:  K&H  Bldg.,  2F,  30-4  Nishi-lkebukuro  3-Chome.  Toshima-Kj.  Tokyo  171  Tel:  81  (0)3  3663  CC66 
I R  SOUTHEAST  ASIA:  1  Km  Seng  Promenade,  Great  World  City  West  Tower,  13-11,  SinqafCf e  237994  Tet  +-t  65  (0638  4630 
IR  TAIWAN:16  FI.  Suite  D.  207,  Sec.  2,  Tun  Haw  South  Road,  Taipei,  10673  Tel:  896-(0)2  2377  9906 

Data  and  specifications  subvert  lt>  change  without  notce.  7/00 
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C.  INTERNATIONAL  RECTIFIER  HFA25PB60  HEXFRED™  DIODE  [From 
Ref.  14.] 


International 
IOR  Rectifier 

HEXFRED™ 


Bulletin  PD  -2.338  rev.  A  11/00 


HFA25PB60 

Ultrafast,  Soft  Recovery  Diode 


Features 

Utrafast  Recovery 
Utrasoft  Recovery 
Very  Low  l,RW 
1  Very  Low  Q„ 

Specified  at  Operating  Conditions 

Benefits 

Reduced  RFI  and  EMI 

1  Reduced  Power  Loss  in  Diode  and  Switching 
Transistor 

1  Higher  Frequency  Operation 
Reduced  Snubbing 
Reduced  Parts  Count 


Description 

International  Rectifier's  HFA25PB60  is  a  state  or  the  an  ultra  fast  recovery 
diode  Employing  the  latest  m  epitaxial  constiuction  and  advanced  piocessing 
techniques  It  leatuies  a  superb  combination  of  chaiacteilatics  which  result  in 
peiloimence  which  is  unsurpassed  by  any  rectifier  previously  available  With 
basic  ratings  or  600  volts  and  25  amps  continuous  current,  tire  HFA25PB60  is 
especially  well  suited  (oi  use  as  the  companion  diode  loi  IGBTsand  MOSFETs 
In  addition  to  ultia  last  lecovery  time  the  HEXFRED  product  line  leatuies 
extremely  low  values  ol  peak  recovery  current  Urrw)  and  does  not  exhibit  any 


Vr  =  600V 
VF(typ.)*=1.3V 
lfi(AV>  *  25A 
Qn  (typ.)=  1 1 2nC 
!rrm=  10A 
lrr(typ.)  =  23ns 
dl,re;AVtit  (typ.)  =  250A/pS 


TO-247AC  (Modified) 


tendency  to  "snap-c If*  during  the  ^  portion  of  recovery  The  HEXFRED  features 
combine  to  offer  designers  a  rectifier  with  lower  noise  and  significantly  lower 
switching  losses  m  both  the  diode  and  the  switching  transistor  These  HEXFRED 
advantages  can  help  to  significantly  reduce  snubbing,  component  count  and 
heatsink  sizes  The  HEXFRED  HFA25PB60  is  ideally  suited  for  applications  in 
power  supplies  and  power  conversion  systems  (such  as  inverters),  motor 
drwes  and  many  other  similar  applications  where  high  speed  high  efficiency 
is  needed 


Absolute  Maximum  Ratings 


Parameter 

Max 

Units 

Vr 

Calhode  to  Anode  Vollage 

600 

V 

If  ©•  TC  •  25*C 

Continuous  Forward  Current 

A 

if  ©tc  •tore 

Conrinuous  Forward  Currenl 

25 

Ifsm 

Single  Prise  Forward  Current 

225 

Maximum  Repetitive  Forward  Current 

100 

Pd  G  TC  •  25*C 

Maximum  Power  Dissipation 

151 

W 

Pd©tc-  iocrc 

Maximum  Power  Dissipation 

60 

Tj 

Operating  Junction  and 

-55  to  *150 

C 

Taro 

Storage  Temperature  Range 

* 125*C 
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HFA25PB60 

Bulletin  PD-2.338  rev.  A  11/00 


International 
IOR  Rectifier 


Electrical  Characteristics  @  Tj  =  25°C  (unless  otherwise  specified) 


Parameter 

Iffll 

E71 

HUBS 

Test  Conditions 

Vbr 

rsi 

mm 

Ir  •  100pA 

ED 

KO 

■ 

Vfm 

Max  Forward  Voltage 

KO 

EO 

ED 

KD 

mm 

Iru 

Ms*  Reverse  Leakage  Current 

ID 

El 

uA 

s  '  1  j'  I 

2 

Em 

RTTil 

Tj  ■  125*C.  Vr  •  08*  V 

r  Rated 

Ct 

Junction  Capacitance 

— 

m 

ITul 

mzM 

V«  -  200V 

See  Flq. 

3 

u 

Series  inductance 

B 

B 

B 

nH 

Measued  lead  to  lead  5mm  from 
package  body 

Dynamic  Recovery  Characteristics  @  Tj  =  25°C  (unless  otherwise  specified) 


Parameter 

im 

cn 

KTffl 

win 

Test  Conditions 

t. 

Reverse  Recovery  Time 

El 

If  •  1 ,0A .  di.nt  •  2C0A.  ps,  Vr  •  30V 

trrl 

See  Fig  5  6  4  16 

EjJ 

EH 

na 

T  j  •  25"C 

frri 

— 

KO 

TUI 

Tj»125*C 

If  •  25A 

•sum 

Peak  Recovery  Current 

KO 

eh 

Kfl 

•rRM2 

See  Fig  7&  8 

— 

ED 

eh 

mm 

VR  •  200V 

Qit  1 

Reverse  Recovery  Charge 

— 

nn 

nC 

0*2 

See  Fig  9S  10 

EH 

c**dt  •  200A.  MS 

U  ,  ••dll 

Peak  Rate  of  Fall  of  Recovery  Current 

FI 

A.qs 

During  See  Fig.  IIS  12 

IO 

Thermal  -  Mechanical  Characteristics 


Parameter 

Min 

Typ 

Max 

lyjjg 

WD 

Lead  Temperature 

300 

X 

Rtrvjc 

Thermal  Resistance.  Junction  to  Case 

083 

RfrUA® 

40 

KiW 

EJ1SSS1  isfH 

Thermal  Resistance.  Case  to  Heat  Sink 

— 

0.25 

— 

wt 

Weight 

6.0 

— 

9 

0.21 

lorn 

Mourning  Torque 

6  0 

12 

50 

10 

IBM 

<D  0.063  in.  from  Case  (1  6mm)  lor  10  sec 

d<  Typical  Socket  Mount 

<J>  Mounting  Surface  Flat  Smooth  and  Greased 


2 
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HFA25PB60 

Bulletin  PD-2.338  rev.  A  11/00 


International 
IGR  Rectifier 


dif  /dt  -  (A/ps) 

Fig.  S  -  Typical  Reverse  Recovery  vs  diydt 


Fig.  6  -  Typical  Recovery  Current  vs.  di,/dt 


14C0 

i:cc 

II  va-  iOGV 

H  Tj-  12S‘C  — 
j  rj-2S*c 

■ 

■ 

1 

1 

1 

! 

5 

« 

ecu 

SSI 

B 

1 

35 

4 

9Hfe 

n 

□ 

» 

5 

PU 

s 

§ 

1 

400 

2oa 

0 

y 

r - 

5a 

s 

■ 

P 

■5 

y  m 

Ql 

* 

* 

II 

/>* 

□ 

:: — 

£ 

* 

s 

1 

■ 

■■ 

■i 

^3 

a 

tJ 

■ 

■ 

II 

ICO  ..  1000 

di  t /dt  -  (A/ps) 

Fig.  7  -  Typical  Stored  Charge  vs.  dln/dt 


i  car 


100  1COO 

di</dt-  (A/ps) 


Fig.  8  -  Typical  di,,c.:iiA/d1  vs.  d«/dt 


4 
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International 
IOR  Rectifier 


HFA25PB60 

Bulletin  PD-2.338  rev.  A  11/00 


REVERSE  RECOVERY  CIRCUIT 

V*  ‘  20OV 


O  d'Aa 


1  iVd  -  bit  of  etonga  al  4  <X'  -  undar  cur*  a  dafnad  by  U 

Itromh  mo  crc*a**g  and  Oa« 

W*  HIV 

2  Urm  •  FSi^t  rawaraa  fitco»*‘p  Cl,  -  - 

2 

a  la  ■  oacooary  U— a  iraauiad 

ItoaMCQ  c-aaanj  punt  U*  nagaiiv*  S  -  r‘«M»  rrfa  ol  c“a-ga  of 

ooarg  IF  te  port  am*#  a  I  tw  pakM*g  eu-'afd  dni-fl  %  Ctrtai  cf  Vi 
Iftcug*  Q  ?S  a*(l  0  50  I  (tag 
■xhapotilad  fei  mo  eatarf 


Fig.  9  -  Reverse  Recovery  Parameter  Test 
Circuit 


Fig.  10  -  Reverse  Recovery  Waveform  and 
Definitions 


www  irf  com 
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HFA25PB60 

Bulletin  PD-2.338  rev.  A  11/00 


International 
IGR  Rectifier 


".M  Wl  A^fclClMl  t  aJJ  Wb 

1  Y  >  nr''5^ 


rU30  lELMMl 
llfll  1 07731 


wmift  «... 

■iJCULlTT,  0*5* 

a  PLC54  caticoe 


430.0.1^ 


MODE 

? 

aBOiaicgi 


Conforms  to  JEDEC  Outline  TO-247AC  MODIFIED 
Dimensions  in  millimeters  and  inches 


International 
IOR  Rectifier 

WORLD HEA DQUA RTERS:  233  Kansas  St. .  El  Scgundo,  California  90245  U  S  A  Tel  <310»  322  3331  Fax:  (3 10)  322  3332. 
EUROPEAN  HEADQUARTERS:  Hurst  Green,  Oxtcd.  Surrey  RHB  9BB.  UK  Tel:  ♦  ♦  44  1833  732020  Fax:  -♦  44  18B3  733406 
IR CANADA  IS  Lincoln  Court.  Brampton.  Markham  Ontario  L6T3Z2  Tel:  (90S)  453  2200  Fax  (90S)  475  SBC  1 
IR  GERMANY  Saalburqstrassc  157.  61350  Bad  Homburg.  Tel:  +•  49  6172  96590  Fax:  49  6172  965933 

IR  ITALY:  Via  Ltquria  49,  10071  Borgaro.  Torino  Tel  ♦-  39  11  4510111  Fax  ♦-  39  11  4510220 
IR  FAR  EAST:  K6H Bldg  , 2F  30-4 Nlshi-lkebukuro3-Chorno  Toshlma-Ku, Tokyo, Japan  171  Tel: 61  3 3933 0066 
IR  SOUTHEAST  ASIA:  1  Kim  Seng  Promenade.  Grooit  World  City  Wost  Tower,  13  11.  Singapore  237994  Tel  66  836  4630 
IR  TAIWAN:  16  FI  Suae  D.207,  See.  2.  Tun  Haw  South  Road.  Taipei.  10673.  Taiwan  Tel  686  2  2377  9936 

MpMwm.ht.com  Fax- On- Demand.  *44  1BS3  733420  Data  and  spectftcat/ons  subfoct  to  change  efthout  nobce. 
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D.  SWITCHMODE/HIGH  FREQUENCY  GATE  DRIVER  TRANSFORMER 
[From  Ref.  15.] 


TOLERANCE  UNLESS  SPECIFIED  =  XXX=  +/-  .005  XX=  +/-  .015  ;  FRACTIONS=  -»/-  .032 


GDE25-2.DC2 


>  GATE 

>■  SEC  1 


-1.100— H 

MAX 


1.20 

MAX 


U  2- 


-4 

5 


GATE 

SEC  2 


K, 


-.150  MIN 
.280  MAX 


|—  .700—] 

1 


1  i 

r  2"  j 

.600 

— : i — | 

3  4  5  6 

it 

p-.660— n 

U - .850— J 

j-0.600-j 

|—  1.040  - 

MAX 

[—.700—j 

o  o - 

2  V'  >»  da  ryp  1 


6  5  4  3 

0  0  ©  0  • 


-.850- 


-.200 

2PLCS 


MOUNTING  HOLE  PATTERN  TOP  VIEW 


BOTTOM  VIEW 


METHOD 


BUTT  WITh  NO  CAP 


|  MARKING  our#,  datecode.  sitecode.  33 

1  QN _ ON  LABEL  ON  CORE 


PRODUCTION  TESTS 

TURNS  RATIO  =  100% 

DC  1  ' 

APPLY  =  .IV®  10  KHz  PIN  (1-2) 

INDUCTANCE  =  680  uHys  min  pins  (i  -  2) 

LEAKAGE  INDUCTANCE  =  2.50  uhys  max  i  to  2 

WITH  3  TO  6  SHORTED  AND  5  TO  6  SHORTED 

HIPOT  =4125  VRMS  1  SEC  MIN  PR1  TO  SEC 

2500  VRMS  1  SEC  MIN  SEC  TO  CORE 

2500  VRMS  1  SEC  MIN  PRI  TO  CORE 

2500  VRMS  1  SEC  MIN  SEC  TO  SEC 

CONTINUITY  = 

IMPREGNATION  NOTES  =  2  hr  preheat 

1  ■  JIM-mdlHiHM  1 

FINAL  ASSEMBLY  NOTES 

MagneTek 

*  1  PART  NO.  gde25-2 
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E.  TOSHIBA  TLP250  OPTO-COUPLED  GATE  DRIVER  [From  Ref.  13.] 


SEMICONDUCTOR 

T LP2S0 

TOSHIBA 

TECHNICAL  DATA 

rrinu) 


ABSOLUTE  MAXIMUM  AaTiN64  (Ta  =  25'C) 


CHARACTERISTIC 

SYMBOL 

RATING 

UNIT 

Forward  Current 

»F 

20 

mA 

a 

Forward  Current  Derating  (Ta;*  70®C) 

Jlp  /  JTa 

—  0.36 

mA /  ”C 

H 

j 

|  Peek  Transient  Forward  Curent 

(Note  1)  | 

IFPT 

1 

A 

Reverse  Voltage 

vR 

5 

V 

Junction  Temperature 

(Tj) 

125 

•c 

“H*  Peak  Output  Current  (Pw  ~  2.5//*,  f'  1 5k  HZ  X  Note  2) 

-1.5 

A 

"L”  Peak  Output  Current 2.5^8,  15kHZ)(Note  2) 

rOPL 

+  1.5 

A 

as 

o 

Output  Voltage 

(Ta^  70”C) 

vo 

35 

V 

e- 

<Ta=85*C) 

24 

5 

Supply  Voltage 

(T»S70“C) 

Vcc 

35 

w 

(Ta  =  85°C) 

24 

Q 

Output  Voltage  Derating  (TaSTOX) 

dVo  >  dTa 

-0.73 

vr c 

Supply  Voltage  Derating  <Ta^70'C> 

-0.73 

V/* c 

Junction  Temperature 

(Tj) 

125 

•c 

|  Operating  Frequency 

(Note  3)  | 

f 

25 

kHz 

Operating  Tempera  Lure  Range 

T^|ir 

-2B-7B 

‘C 

Storage  Temperature  Range 

T*4g 

-55-125 

X! 

Lead  Solder  Temperature  (10s) 

T901 

260 

•c 

Isolation  Voltage  (AC,  lmin.,  R.H.  — 60%,  Ta  =  25*C)  (Note  4) 

BVS 

2500 

Vrms 

Note  1  :  PuUc  width  Pyy  —  l//s,  dOtlpps 
Note  2  :  Exporenenlial  Wavefom 

Note  3  Exporencntial  Wnvefom,  —  —  1  .(tA  ( —  2.5/is),  —  + 10  A  ( L_  2,5/is) 

Note  4  :  Device  considerd  a  two  terminal  device  :  pins  1.2,3  and  4  shorted  together,  and  pins  5,  6, 

7  and  8  shorted  together. 

Note  5  :  A  ceramic  capacitor  (0.1/jF)  should  be  connected  from  pin  8  to  pin  $  to  stabilize  the 

operation  of  the  high  gain  linear  amplifier.  Failure  to  provide  the  bypassing  may  impair 
the  switching  proparty.  The  total  lead  length  between  capacitor  and  coupler  should  not 
exceed  1cm. 


RECOMMENDED  OPERATING  CONDITIONS 


CHARACTERISTIC 

SYMBOL 

MIN. 

TYP. 

MAX. 

UNIT 

Input  Current,  ON 

7 

8 

10 

mA 

Input  Voltage.  OFF 

VpjnvFi 

0 

— 

0.8 

V 

Supply  Voltage 

Vcc 

15 

— 

30  |  20 

V 

Peak  Output  Current 

loPH  >  lOPL 

— 

— 

±0.5 

A 

Operating  Temperature 

Toor 

-20 

25 

70  |  85 

“C 

TLP250  -  2 


SEMICONDUCTOR 

TOSHIBA 


T  LP2  50 


TECHNICAL  DATA 


(TIK230) 

ELECTRICAL  CHARACTERISTICS  (Ta  =  -  20-70^,  Unless  otherwise  specified) 


CHARACTERISTIC 

SYMBOL 

TEST 

C1U 

CUIT 

TEST  CONDITION 

MIN. 

TYP.* 

MAX. 

UNIT 

Input  Forward  Voltage 

VF 

— 

Ip  =  10mA.  Ta=25”C 

1.8 

V 

Temperature  Coefficient  of 

Forward  Vplfcftge 

nVp/nTa 

- 

Ip  =  10mA 

B 

— 

mV °C 

Input  Reverse  Current 

lR 

— 

— 

10 

//A 

Input  Capacitance 

Ct 

— 

|v  =  0.  f=lMHz,  Ta  =  25°C 

— 

45 

250 

pF 

Output  Current 

"H"  Level 

lOPH 

3 

Vcc=30V 

(*1) 

Ijr=  10mA 
VM=4V 

-0.5 

- 

“L"  Uvel 

lOPL 

2 

UHS 1 

2 

— 

Output  Voltage 

"H"  Level 

vOH 

4 

11 

12.8 

— 

“L"  Level 

VOL 

5 

-14.2 

-12.5 

Supply  Current 

"H”  Level 

ICCH 

7 

— 

mA 

t'VJtBd'lAI  hm.TT.mII7 

_  | 

_ 

11 

“L"  Level 

ICCL 

B 

■ 

— 

Vcc  =  30V.  Ip  =  0mA 

—  1 

— 

11 

Threshold  Input 
Current 

“Output 

L-H" 

IFLH 

— 

Vcci  =  +  15V,  VpEi  =  -15V 
RL  =  200fl,  Vq>0V 

B 

1.2 

6 

mA 

Threshold  Input 

Voltage 

"Output 

H-L" 

VFHL 

mimibe* 

0.8 

— 

— 

B 

Supply  Voltage 

DRB 

— 

10 

— 

35 

V 

Capacitance 

(Input-Output) 

cs 

- 

Vs  =  0,  f=  1MHz 

Ta  =  2.VC 

■ 

2.0 

pF 

Resistance  (Input-Output) 

RS 

— 

ulilMAMJBI— H 

10“ 

— 

n 

*  All  typical  values  are  at  Tn  =  25°C  (*11  :  Duration  of  Iq  time  — 50 //a 


TLP2S0-3 _ 

_ 1396-4-8 _ 

TOSHIBA  COPPORATION 
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SEMICONDUCTOR 

7LP250 

TOSHIBA 

TECHNICAL  DATA 

(TLHU) 


SWITCHING  CHARACTERISTICS fTa  =  -20-7FC,  Unless  otherw.se  specified) 


CHARACTERISTIC 

SYMBOL 

TEST 

CIR 

CUIT 

TEST  CONDITION 

MIN. 

TYP.» 

MAX. 

UNIT 

Propagation 

Delay  Time 

L— H 

toLH 

a 

Ip  =  8mA 

VCC1-  +  16V,  VEEi--15V 

RL=200fl 

_ 

0.15 

0.5 

/a 

H— L 

*oHL 

_ 

0.15 

0.5 

Output  Rise  Time 

tr 

— 

— 

Output  Fall  Time 

tf 

— 

— 

Common  Mode  Transient 
Immunity  at  Hijjh  Level 
Output 

Cmh 

7 

Vqj^|=600V,  Ip  =  8mA 
Voc=JWV,  Ta  =  25*C 

-5000 

VI  t* 

Common  Mode  Transient 
Immunity  at  Low  Level 
Output 

^ML 

D 

5000 

•  All  typical  values  are  at  Ta  =  25°C 


TLP2S0-4 _ 

1996  -  4  -8 

TOSHIBA  COOPOPATION 


SEMICONDUCTOR 

TOSHIBA 

TECHNICAL  DATA 


TLP250 


TEST  CIRCUIT  3  :  IOPH 


TEST  CIRCUIT  4  VQH 


SEMICONDUCTOR 

TOSHIBA 

TECHNICAL  DATA 


LP250 


rrt  nw 

TEST  CIRCUIT  6  tpLH.  tpHL.  tr.  tf 


-Voh  40* 
"GND 
;V0L  80% 


TEST  CIRCUIT  7  CMH.  CML 


Vo 


SW  ;  BUf=0> 


Cmh 

CHL 


CML  = 


480  (V> 
tr(/<S) 


_  4801 V) 

cmh  - 


CML  '-'.Mil  Is  Use  maximum  rate  of  rise  (fall)  of  the  common  mode  voltage  that  can  be 
sustained  with  the  output  voltage  in  the  low  (high)  state. 


TLP2S0-6 

1996  -  4  -  8 _ 

TOSHIBA  CORPORATION 
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SEMICONDUCTOR 

TOSHIBA 

TECHNICAL  DATA 


F 


POWEREX  FAST  RECOVERY  SINGLE  DIODE  [From  Ref.  16.] 


CS240650 

CS241250 


Powerex.  Inc..  200  HiNts  Street.  Yoangwood.  Pennsylvania  1S697-1800  (724)  925-7272  FcISt  RQCOVGfy  SIHQIQ 

Diode  Modules 

50  Amperes/600-1 200  Volts 


■A - - 


— . 

h 

r 

f 

TT 

=u 

A.  fcJ  .K 

Outline  Drawing 

Dimension 

Indies 

Millimeters 

A 

2.087 

53 

B 

1 .705±0.008 

41.3±0.2 

C 

1.417 

36 

D 

1.299 

33 

E 

0.866 

22 

F 

0.551 

14 

G 

0.154 

9 

H 

0.115 

8 

J 

0.276 

7 

K 

0.217 

5.5 

L 

0.217  Dia. 

Dia. 5.5 

M 

0.138 

3.5 

N 

0.118 

3 

P 

M4  Metric 

M4 

9a 


CS240650.  CS241250 
Fast  Recovery 
Single  Diode  Modules 
50  Amperes/600-1200  Volts 


Descri  ption: 

Powerex  Fast  Recovery  Single 
Diode  Modules  are  designed  for 
use  in  applications  requiring  fast 
switching.  The  modules  are  isolat¬ 
ed  for  easy  mounting  with  other 
components  on  common 
heatsinks.  POW-R-BLOK™  has 
been  tested  and  recognized  by 
Underwriters  Laboratories 
(QQQX2  Power  Switching 
Semiconductors). 

Features: 

□  Isolated  Mounting 

□  Planar  Chips 

□  UL  Recognized 

Applications: 

□  Inverters 

□  Choppers 

□  Switching  Power  Supplies 

□  Free  Wheeling 

Ordering  Information: 

Select  the  complete  eight  digit 
module  part  number  you  desire 
from  the  table  below. 

Example:  CS241250  is  a 
1200  Volt,  50  Ampere  Fast 
Recovery  Single  Diode  Module. 


voltage  cuitent  Rating 
Type  volts  (rtooi  Amp  ere  s  i50i 

CS24  OS  50 

12 


D-9 


102 


Powerex.  Inc..  200  HHHs  Street.  Youngwood.  Pennsylvania  15697-1800  (724)  925-7272 


CS2406S0.  CS2412S0 

Fa  st  Recovery  Single  Diode  Modules 

50  Amperes.S00-1200  W*Ys 


Absolute  Maximum  Ratings 


characteristics 

S>mbol 

CS2 40650 

CS241250 

Units 

Peak  Reverse  Blocking  Voltage 

VRRM 

600 

1200 

Volts 

Transient  Peak  Reverse  Blocking  Voltage  (Non-Repetitive),  t  <  5ms 

VRSM 

720 

1350 

Volts 

DC  Reverse  Blocking  Voltage 

VR(DC) 

4S0 

960 

Volts 

DC  Current.  Tq  =  105eC 

*F<  DC) 

50 

50 

Amperes 

Peak  Cne-Cycle  Surge  (Non-Repetitive)  On-State  Current  (60Hz) 

•fsm 

1000 

1000 

Amperes 

Peak  Cne-Cycle  Surge  (Non-Repetitive)  On-State  Current  (50Hz) 

'fsm 

910 

910 

Amperes 

|2t  (for  Fusing).  8.3  milliseconds 

izr 

4165 

4165 

A2sec 

Storage  Temperature 

tstg 

-40  to  125 

-40  to  125 

°C 

Operating  Temperature 

Tt 

-40  to  150 

-40  to  150 

°C 

Maximum  Mounting  Tcrqus  M5 Mounting  S crew 

— 

17 

17 

in. -lb. 

Maximum  Mounting  Tcrqus  M4Terminal  Screw 

- 

12 

12 

in. -lb. 

Module  Weight  (Typical) 

- 

90 

90 

Grams 

V  Isolation 

VRMS 

2500 

2500 

Volts 

Fbwerex.  Inc..  200  Hill 'is  Street.  Youngwood.  Pennsylvania  15697- 1800  (724)  925-7272 


CS2406S0.  CS2412S0 

Fast  Recovery  Single  Diode  Modules 

50  Amp  eres'600- 1 200  Vote 


Electrical  and  Thermal  Characteristics,  Tf  =  25°C  unless  otherwise  specified 


chaiacleilstlcs 

Symbol 

Tesl  conditions 

CS24065O1  CS24 1250 

units 

Blocking  State  Maximums 

Reveres  Leakage  Current,  Peak 

'rrm 

Tj  =  150'C.VRRM  =  Rat«l 

10 

mA 

Conducting  State  Maximums 

Peak  On-State  Voltage 

Vfm 

'FM  =  50A 

1.5 

Volts 

Switching  Minimums 

Reverse  Recovery  Time 

lrr 

lFM  =  50A.Tj  =  150°C 

0.8 

ps 

di'dt  =-20CW|is.  VR  =  V2Vrrm 

Reverse  Recovery  Charge 

Qrr 

lFM  =  50ATj  =  15O,C 

30 

\iC 

di'dt  =-200A',.s,  VR  =  1/2Vrrm 

Thermal  Maximums 

Thermal  Resistance.  Junction -to-Case 

ReiJ-Q 

Per  Module 

0.6 

cC/Watt 

Thermal  Resistance.  Case-to-Sink (Lubricated) 

^i(C-S) 

Per  Module 

0.4 

cCAVatt 

D-11 
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Powerex.  Inc..  200  HiHts  Street  Youngwood.  Pennsylvania  15697-1800  (724)  925-7272 


CS2406S0.  CS241250 

Fast  Recovery  Single  Diode  Modules 

50  Amperes/600- 1200  Volts 


MAJQMLM 


0  10  20  30  40  50 


IHSTANTAf£C4J5  ON-STATE  CURRENT  l,M 
.Aftvtnesj 

MAXIMUM 


0  10  20  30  40  60 


CYO-CS  AT  OO  TV 


AVERAGE  ON-STATE  CURBBJT  tVW( 

(Mvemi 


TRANSIENT  THERMAL  MPE DANCE 
CHARACTERISTICS  iJUNCTION-TO-CASE) 


10O  101 


AVERAGE  Cf* STATE  CLRREHT  l|W, 


mSTANTA/«C«JS  CN4TATE  OLRREMT  l»i 


twm  |3cccf<»^ 


D-12 
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APENDIX  B.  MATLAB  AND  ABEL  CODE 


Appendix  B  contains  written  MATLAB  code  for  the  analysis  of  the  power  supply 
op-amp  frequency  response  and  it  contains  the  ABEL  code  written  for  the  programming 
of  the  digital  logic  controller  devices. 

A.  POWER  SUPPLY  OP-AMP  FREQUENCY  RESPONSE  CODE 

1.  PowerSupplyOPAmp.m 

%  Power  Supply  80W  Op-Amp  (LM12cl) 

%  This  program  is  written  to  verify  the  frequency  response  of  the 
%  LM12CL. 

%  ID  Parts  and  their  parameters 

Rf  =  3300;  %  Ohms 
R1  =  1 100;  %  Ohms 
Cl  =  1.5e-9;  %  Farads 

%  DC  Gain  of  power  supply 

GainDC  =  1  +  (Rf/Rl); 

%  AC  Gain  of  power  supply 

num  =  [(Rf*Rl  *C  1 )  (Rf+Rl)]; 
den=[(Rf*Rl*Cl)(Rl)]; 

TransFunc  =  TF(num,den) 

bode(num,den) 

SysPole  =  pole(TransFunc) 

SysZero  =  zero(TransFunc) 
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B 


DIGITAL  LOGIC  CONTROL  ABEL  CODE 


1.  PwrFazel.abl 

MODULE  PwrFazel ; 

TITLE  'PwrFazel' 

DECLARATIONS 


PwrFazel  DEVICE  'P18CV8' 

"input  pins 
A,  B,  C 
D,E,F 

"output  pins 

s,u,w,y  PIN  12,14,16,18 

s,u,w,y  IsType  'com' 

"equivalences 


PIN  2,3,4 

PIN  5,6,7 


Kntr 

KnvrtrOut 
H,  L,  X 
ANYINPUT 
ANYOUTPUT 

TRUTH  TABLE 


= 

[A,B 

,  C,  D,  E,  F] 

= 

[s,  u 

,  w,  y]  ; 

= 

o 

\ — 1 

.X.  ; 

= 

[X,x 

,X,X,X,X] 

= 

[X,x 

,X,X]  ; 

(  [ 

Kntr 

]  -> 

KnvrtrOut 

[ 

0 

]  -> 

Ab0101  ; 

[ 

1 

]  -> 

Ab0101  ; 

[ 

2 

]  -> 

Ab0101  ; 

[ 

3 

]  -> 

Ab0101  ; 

[ 

4 

]  -> 

Ab0101  ; 

[ 

5 

]  -> 

Ab0101  ; 

[ 

6 

]  -> 

Ab0101  ; 

[ 

7 

]  -> 

Ab0101  ; 

[ 

8 

]  -> 

Ab0101  ; 

9 

] 

-> 

Ab0101 

r 

"5 

10 

] 

-> 

Ab0111 

r 

"7 

11 

] 

-> 

Ab0111 

r 

"7 

12 

] 

-> 

Ab0001 

r 

"1 

13 

] 

-> 

Ab0001 

r 

"1 

14 

] 

-> 

Ab0000 

r 

"0 

15  ] 

- 

>  Ab0101  ; 

16  ] 

- 

>  Ab0101  ; 

17 

] 

-> 

Ab0001 

r 

"1 

18 

] 

-> 

Ab0001 

r 

"1 

19 

] 

-> 

Ab0001 

r 

"1 

20 

] 

-> 

Ab0111 

r 

"7 

21 

] 

-> 

Ab0111 

r 

"7 

22 

] 

-> 

Ab0000 

r 

"0 

"set  of  inputs 
"set  of  outputs 
"rename  constants 
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23 

] 

->  A 

bOlOl  ; 

24 

] 

->  A 

bOlOl  ; 

25 

]  -> 

Ab0001 

r 

"1 

26 

]  -> 

Ab0011 

r 

"3 

27 

]  -> 

Ab0011 

r 

"3 

28 

]  -> 

Ab0011 

r 

"3 

29 

]  -> 

Ab0011 

r 

"3 

30 

]  -> 

Ab0011 

r 

"3 

31 

] 

->  A 

bOlOl  ; 

32 

] 

->  A 

bOlOl  ; 

33 

]  -> 

Abll01 

r 

"d 

34 

]  -> 

AbllOO 

f 

"c 

35 

]  -> 

AbllOO 

r 

"c 

36 

]  -> 

AbllOO 

r 

"c 

37 

]  -> 

AbllOO 

r 

"c 

38 

]  -> 

AbllOO 

f 

"c 

39 

] 

->  A 

bOlOl  ; 

40 

] 

->  A 

bOlOl  ; 

41 

]  -> 

Abll01 

r 

"d 

42 

]  -> 

Abll01 

r 

"d 

43 

]  -> 

Abll01 

r 

"d 

44 

1  -> 

Ab0100 

r 

"4 

45 

]  -> 

Ab0100 

r 

"4 

46 

]  -> 

Abl 1 1 1 

r 

"f 

47 

] 

->  A 

bOlOl  ; 

48 

] 

->  A 

bOlOl  ; 

49 

]  -> 

Ab0101 

r 

"5 

50 

]  -> 

Ab0100 

r 

"4 

51 

]  -> 

Ab0100 

r 

"4 

52 

]  -> 

Abll01 

r 

"d 

53 

]  -> 

Abll01 

r 

"d 

54 

]  -> 

Abl 1 1 1 

r 

"f 

55 

] 

->  A 

bOlOl  ; 

56 

] 

->  A 

bOlOl  ; 

57 

] 

->  A 

bOlOl  ; 

58 

] 

->  A 

bOlOl  ; 

59 

] 

->  A 

bOlOl  ; 

60 

] 

->  A 

bOlOl  ; 

61 

] 

->  A 

bOlOl  ; 

62 

] 

->  A 

bOlOl  ; 

63 

] 

->  A 

bOlOl  ; 
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TEST_VECTORS  (  [ 

[ 

[ 

[ 

[ 

[ 

[ 

[ 

[ 

[ 


[ 

[ 


[ 

[ 


[ 

[ 


[ 

[ 


A,  B,  C,  D,  E,  F  ]  ->  [ 

0 , 0 , 0 , 0 , 0 , 0  ]  —  >  [ 
0,0, 0,0, 0,1  ]  ->  [ 
0,0, 0,0, 1,0  ]  ->  [ 
0,0, 0,0, 1,1  ]  ->  [ 
0,0, 0,1, 0,0  ]  ->  [ 
0,0, 0,1, 0,1  ]  ->  [ 
0,0, 0,1, 1,0  ]  ->  [ 
0,0, 0,1, 1,1  ]  ->  [ 
0,0, 1,0, 0,0  ]  ->  [ 

[  0,0, 1,0, 0,1  ] 

[  0,0, 1,0, 1,0  ] 

[  0,0, 1,0, 1,1  ] 

[  0,0, 1,1, 0,0  ] 

[  0,0, 1,1, 0,1  ] 

[  0,0, 1,1, 1,0  ] 

0,0, 1,1, 1,1  ]  ->  [ 
0,1, 0,0, 0,0  ]  ->  [ 

[  0,1, 0,0, 0,1  ] 

[  0,1, 0,0, 1,0  ] 

[  0,1, 0,0, 1,1  ] 

[  0,1, 0,1, 0,0  ] 

[  0,1, 0,1, 0,1  ] 

[  0,1, 0,1, 1,0  ] 

0,1, 0,1, 1,1  ]  ->  [ 
0,1, 1,0, 0,0  ]  ->  [ 

[  0,1, 1,0, 0,1  ] 

[  0,1, 1,0, 1,0  ] 

[  0,1, 1,0, 1,1  ] 

[  0,1, 1,1, 0,0  ] 

[  0,1, 1,1, 0,1  ] 

[  0,1, 1,1, 1,0  ] 

0,1, 1,1, 1,1  ]  ->  [ 
1,0, 0,0, 0,0  ]  ->  [ 

[  1,0, 0,0, 0,1  ] 

[  1,0, 0,0, 1,0  ] 

[  1,0, 0,0, 1,1  ] 

[  1,0, 0,1, 0,0  ] 

[  1,0, 0,1, 0,1  ] 

[  1,0, 0,1, 1,0  ] 

1,0, 0,1, 1,1  ]  ->  [ 
1,0, 1,0, 0,0  ]  ->  [ 


s,  u,  w,  y  ]  ) 

0,  1,  0,  1  ]; 

0,  1,  0,  1  ]  ; 

0,  1,  0,  1  ]; 

0,  1,  0,  1  ]; 

0,  1,  0,  1  ]  ; 

0,  1,  0,  1  ]; 

0,  1,  0,  1  ]  ; 

0,  1,  0,  1  ]  ; 

0,  1,  0,  1  ]; 


> 

[  0, 

1, 

0, 

1 

] 

r 

"5 

> 

[  0, 

1, 

1, 

1 

] 

r 

"7 

> 

[  0, 

1, 

1, 

1 

] 

r 

"7 

> 

[  0, 

0, 

0, 

1 

] 

r 

"1 

> 

[  0, 

0, 

0, 

1 

] 

f 

"1 

> 

f  0, 

0, 

0, 

0 

] 

f 

"0 

0, 

1, 

0, 

1  ] 

r 

0, 

1, 

0, 

1  ] 

r 

> 

[  0, 

0, 

0, 

1 

] 

f 

"1 

> 

[  0, 

0, 

0, 

1 

] 

r 

"1 

> 

[  0, 

0, 

0, 

1 

] 

r 

"1 

> 

[  0, 

1, 

1, 

1 

] 

r 

"7 

> 

[  0, 

1, 

1, 

1 

] 

r 

"7 

> 

[  0, 

0, 

0, 

0 

] 

f 

"0 

0, 

1, 

0, 

1  ] 

r 

0, 

1, 

0, 

1  ] 

r 

> 

[  0, 

0, 

0, 

1 

] 

r 

"1 

> 

[  0, 

0, 

1, 

1 

] 

r 

"3 

> 

[  0, 

0, 

1, 

1 

] 

r 

"3 

> 

[  0, 

0, 

1, 

1 

] 

r 

"3 

> 

i  o. 

0, 

1, 

1 

] 

r 

"3 

> 

[  0, 

0, 

1, 

1 

] 

r 

"3 

0, 

1, 

0, 

1  ] 

r 

0, 

1, 

0, 

1  ] 

r 

> 

[  1, 

1, 

0, 

1 

] 

r 

"d 

> 

[  1, 

1, 

0, 

0 

] 

r 

"c 

> 

[  1, 

1, 

0, 

0 

] 

r 

"c 

> 

[  1, 

1, 

0, 

0 

] 

r 

"c 

> 

[  1, 

1, 

0, 

0 

] 

r 

"c 

> 

1  1, 

1, 

0, 

0 

] 

r 

"c 

0, 

1, 

0, 

1  ] 

r 

0, 

1, 

0, 

1  ] 

r 
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[ 

1 — 1 

O 

O 

i — 1 

o 

l — 1 

-> 

[  1, 

1, 

0, 

1 

]  ; 

"d 

[ 

o 

1 — 1 

o 

\ — 1 

o 

1 — 1 

-> 

1, 

1, 

0, 

1 

]  ; 

"d 

[ 

1 — 1 

1 — 1 

o 

1 — 1 

o 

1 — 1 

-> 

[  1, 

1, 

0, 

1 

]  ; 

"d 

[ 

o 

o 

1 — 1 

1 — 1 

o 

1 — 1 

-> 

[  0, 

1, 

0, 

0 

]  ; 

"4 

[ 

\ — 1 

o 

\ — 1 

\ — 1 

o 

\ — 1 

-> 

[  0, 

1, 

0, 

0 

]  ; 

"4 

[ 

1,0, 1,1, 1,0  ] 

-> 

[  1, 

1, 

1, 

1 

]  ; 

"f 

1, 

0, 

1,1, 1,1  ]  -> 

[  0, 

1, 

0, 

1  ] 

r 

1, 

1, 

A 

1 

o 

o 

o 

o 

[  0, 

1, 

0, 

1  ] 

r 

[ 

1,1, 0,0, 0,1  ] 

-> 

[  0, 

1, 

0, 

1 

]  ; 

"5 

[ 

1,1, 0,0, 1,0  ] 

-> 

[  0, 

1, 

0, 

0 

]  ; 

"4 

[ 

i — 1 

i — 1 

o 

o 

1 — 1 

1 — 1 

-> 

[  0, 

1, 

0, 

0 

]  ; 

"4 

[ 

o 

o 

1 — 1 

o 

1 — 1 

1 — 1 

-> 

[  1, 

1, 

0, 

1 

]  ; 

"d 

[ 

\ — 1 

o 

\ — 1 

o 

\ — 1 

\ — 1 

-> 

[  1, 

1, 

0, 

1 

]  ; 

"d 

[ 

o 

1 — 1 

1 — 1 

o 

1 — 1 

1 — 1 

-> 

[  1, 

1, 

1, 

1 

] ; 

"f 

1, 

1, 

0,1, 1,1  ]  -> 

[  0, 

1, 

0, 

1  ] 

r 

1, 

1, 

A 

1 

o 

o 

o 

\ — 1 

[  0, 

1, 

0, 

1  ] 

r 

1, 

1, 

1,0, 0,1  ]  -> 

[  0, 

1, 

0, 

1  ] 

r 

1, 

1, 

A 

1 

o 

\ — 1 

o 

1 — 1 

[  o. 

1, 

0, 

1  ] 

r 

1, 

1, 

1,0, 1,1  ]  -> 

[  o. 

1, 

0, 

1  ] 

r 

1, 

1, 

A 

1 

o 

o 

\ — 1 

1 — 1 

[  o. 

1, 

0, 

1  ] 

r 

1, 

1, 

1,1, 0,1  ]  -> 

[  o. 

1, 

0, 

1  ] 

r 

1, 

1, 

1,1, 1,0  ]  -> 

[  o. 

1, 

0, 

1  ] 

r 

1, 

1, 

1,1, 1,1  ]  -> 

[  0, 

1, 

0, 

1  ] 

r 

END  PwrFazel 
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2. 


PwrFaze2 . abl 


MODULE  PwrFaze2 ; 

TITLE  ' PwrFaze2 ' 

DECLARATIONS 

PwrFaze2  DEVICE  'P18CV8' 

"input  pins 
A,  B,  C 
D,E,F 

"output  pins 
s,  u,  w,  y 
s,u,w,y 

"equivalences 


"set  of  inputs 
"set  of  outputs 
"rename  constants 


TRUTH_TABLE  (  [  Kntr  ]  ->  KnvrtrOut  ) 

[  0  ]  ->  Ab0101  ; 

[  1  ]  ->  Ab0101  ; 

[  2  ]  ->  Ab0101  ; 

[  3  ]  ->  Ab0101  ; 

[  4  ]  ->  Ab0101  ; 

[  5  ]  ->  Ab0101  ; 

[  6  ]  ->  Ab0101  ; 

[  7  ]  ->  Ab0101  ; 

[  8  ]  ->  Ab0101  ; 


9 

] 

-> 

Abll01 

r 

"d 

10 

] 

-> 

Abll00 

r 

"c 

11 

] 

-> 

Abll00 

r 

"c 

12 

] 

-> 

Abll00 

r 

"c 

13 

] 

-> 

Abll00 

f 

"c 

14 

] 

-> 

Abll00 

r 

"c 

15  ] 

- 

>  Ab0101  ; 

16  ] 

- 

>  Ab0101  ; 

17 

] 

-> 

Ab0101 

r 

"5 

18 

] 

-> 

Ab0111 

r 

"7 

19 

] 

-> 

Ab0111 

r 

"7 

20 

] 

-> 

Ab0001 

r 

"1 

21 

] 

-> 

Ab0001 

r 

"1 

22 

] 

-> 

Ab0000 

r 

"0 

[  23  ]  ->  Ab0101  ; 
[  24  ]  ->  Ab0101  ; 


Kntr  =  [A,  B,  C,  D,  E,  F]  ; 

KnvrtrOut  =  [s,u,w,y]; 

H, L, X  =  1, 0, .X. ; 

ANYINPUT  =  [X,  X,  X,  X,  X,  X]  ; 

ANYOUTPUT  =  [ X , X , X ,  X 1  ; 


PIN  12,14,16,18 

IsType  'com' 


PIN  2,3,4 

PIN  5,6,7 
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25 

] 

-> 

Abll01 

r 

"d 

26 

] 

-> 

Abll01 

r 

"d 

27 

] 

-> 

Abll01 

r 

"d 

28 

] 

-> 

Ab0100 

r 

"4 

29 

] 

-> 

Ab0100 

r 

"4 

30 

] 

-> 

Abl 1 1 1 

r 

"f 

[  31  ]  ->  Ab0101  ; 
[  32  ]  ->  Ab0101  ; 


33 

] 

-> 

Ab0001 

r 

"1 

34 

] 

-> 

Ab0001 

r 

"1 

35 

] 

-> 

Ab0001 

r 

"1 

36 

] 

-> 

Ab0111 

r 

"7 

37 

] 

-> 

Ab0111 

r 

"7 

38 

] 

-> 

Ab0000 

r 

"0 

[  39  ]  ->  Ab0101  ; 
[  40  ]  ->  Ab0101  ; 


41 

] 

-> 

Ab0101 

r 

"5 

42 

] 

-> 

Ab0100 

r 

"4 

43 

] 

-> 

Ab0100 

r 

"4 

44 

] 

-> 

Abll01 

r 

"d 

45 

] 

-> 

Abll01 

r 

"d 

46 

] 

-> 

Abl 1 1 1 

r 

"f 

[  47  ]  ->  Ab0101  ; 
[  48  ]  ->  Ab0101  ; 


49 

] 

-> 

Ab0001 

r 

"1 

50 

] 

-> 

Ab0011 

r 

"3 

51 

] 

-> 

Ab0011 

r 

"3 

52 

] 

-> 

Ab0011 

r 

"3 

53 

] 

-> 

Ab0011 

r 

"3 

54 

] 

-> 

Ab0011 

r 

"3 

55 

]  -> 

Ab0101 

56 

]  -> 

Ab0101 

57 

]  -> 

Ab0101 

58 

]  -> 

Ab0101 

59 

]  -> 

Ab0101 

60 

]  -> 

Ab0101 

61 

]  -> 

Ab0101 

62 

]  -> 

Ab0101 

63 

]  -> 

Ab0101 
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TEST_VECTORS  (  [ 

[ 

[ 

[ 

[ 

[ 

[ 

[ 

[ 

[ 


[ 

[ 


[ 

[ 


[ 

[ 


[ 

[ 


A,  B,  C,  D,  E,  F  ]  ->  [ 

0 , 0 , 0 , 0 , 0 , 0  ]  —  >  [ 
0,0, 0,0, 0,1  ]  ->  [ 
0,0, 0,0, 1,0  ]  ->  [ 
0,0, 0,0, 1,1  ]  ->  [ 
0,0, 0,1, 0,0  ]  ->  [ 
0,0, 0,1, 0,1  ]  ->  [ 
0,0, 0,1, 1,0  ]  ->  [ 
0,0, 0,1, 1,1  ]  ->  [ 
0,0, 1,0, 0,0  ]  ->  [ 

[  0,0, 1,0, 0,1  ] 

[  0,0, 1,0, 1,0  ] 

[  0,0, 1,0, 1,1  ] 

[  0,0, 1,1, 0,0  ] 

[  0,0, 1,1, 0,1  ] 

[  0,0, 1,1, 1,0  ] 

0,0, 1,1, 1,1  ]  ->  [ 
0,1, 0,0, 0,0  ]  ->  [ 

[  0,1, 0,0, 0,1  ] 

[  0,1, 0,0, 1,0  ] 

[  0,1, 0,0, 1,1  ] 

[  0,1, 0,1, 0,0  ] 

[  0,1, 0,1, 0,1  ] 

[  0,1, 0,1, 1,0  ] 

0,1, 0,1, 1,1  ]  ->  [ 
0,1, 1,0, 0,0  ]  ->  [ 

[  0,1, 1,0, 0,1  ] 

[  0,1, 1,0, 1,0  ] 

[  0,1, 1,0, 1,1  ] 

[  0,1, 1,1, 0,0  ] 

[  0,1, 1,1, 0,1  ] 

[  0,1, 1,1, 1,0  ] 

0,1, 1,1, 1,1  ]  ->  [ 
1,0, 0,0, 0,0  ]  ->  [ 

[  1,0, 0,0, 0,1  ] 

[  1,0, 0,0, 1,0  ] 

[  1,0, 0,0, 1,1  ] 

[  1,0, 0,1, 0,0  ] 

[  1,0, 0,1, 0,1  ] 

[  1,0, 0,1, 1,0  ] 

1,0, 0,1, 1,1  ]  ->  [ 
1,0, 1,0, 0,0  ]  ->  [ 


s,  u,  w,  y  ]  ) 


0, 

1, 

0, 

1  ] 

r 

0, 

1, 

0, 

1  ] 

r 

0, 

1, 

0, 

1  ] 

r 

0, 

1, 

0, 

1  ] 

r 

0, 

1, 

0, 

1  ] 

r 

0, 

1, 

0, 

1  ] 

r 

0, 

1, 

0, 

1  ] 

r 

0, 

1, 

0, 

1  ] 

r 

0, 

1, 

0, 

1  ] 

r 

> 

[  1, 

1, 

0, 

1 

] 

r 

"d 

> 

[  1, 

1, 

0, 

0 

] 

r 

"c 

> 

[  1, 

1, 

0, 

0 

] 

f 

"c 

> 

[  1, 

1, 

0, 

0 

] 

r 

"c 

> 

[  1, 

1, 

0, 

0 

] 

f 

"c 

> 

[  1, 

1, 

0, 

0 

] 

f 

"c 

0,  1,  0,  1  ]  ; 

0,  1,  0,  1  ]; 


> 

l  0, 

1, 

0, 

1 

] 

r 

"5 

> 

[  0, 

1, 

1, 

1 

] 

r 

"7 

> 

[  0, 

1, 

1, 

1 

] 

r 

"7 

> 

[  0, 

0, 

0, 

1 

] 

r 

"1 

> 

[  0, 

0, 

0, 

1 

] 

r 

"1 

> 

[  0, 

0, 

0, 

0 

] 

r 

"0 

0, 

1, 

0, 

1  ] 

r 

o. 

1, 

0, 

1  ] 

r 

> 

1,1, 

1, 

0, 

1 

] 

r 

"d 

> 

[  1, 

1, 

0, 

1 

] 

r 

"d 

> 

[  1, 

1, 

0, 

1 

] 

r 

"d 

> 

[  0, 

1, 

0, 

0 

] 

r 

"4 

> 

[  0, 

1, 

0, 

0 

] 

r 

"4 

> 

r  i. 

1, 

1, 

1 

] 

r 

"f 

o. 

1, 

0, 

1  ] 

r 

0, 

1, 

0, 

1  ] 

r 

> 

I  0, 

0, 

0, 

1 

] 

r 

"1 

> 

[  0, 

0, 

0, 

1 

] 

f 

"1 

> 

[  0, 

0, 

0, 

1 

] 

r 

"1 

> 

[  0, 

1, 

1, 

1 

] 

r 

"7 

> 

[  0, 

1, 

1, 

1 

] 

r 

"7 

> 

[  0, 

0, 

0, 

0 

] 

r 

"0 

0, 

1, 

0, 

1  ] 

r 

0, 

1, 

0, 

1  ] 

r 
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[ 

\ — 1 

O 

O 

\ — 1 

o 

\ — 1 

-> 

[  o. 

1, 

0, 

1 

]  ; 

"5 

[ 

o 

l — 1 

o 

1 — 1 

o 

l — 1 

-> 

[  o. 

1, 

0, 

0 

]  ; 

"4 

[ 

\ — 1 

1 — 1 

o 

\ — 1 

o 

1 — 1 

-> 

|  o. 

1, 

0, 

0 

]  ; 

"4 

[ 

o 

o 

1 — 1 

1 — 1 

o 

1 — 1 

-> 

[  i. 

1, 

0, 

1 

]  ; 

"d 

[ 

1 — 1 

o 

1 — 1 

\ — 1 

o 

1 — 1 

-> 

[  i. 

1, 

0, 

1 

]  ; 

"d 

[ 

o 

\ — 1 

\ — 1 

\ — 1 

o 

\ — 1 

-> 

[  i. 

1, 

1, 

1 

]  ; 

"f 

1, 

0, 

1,1, 1,1  ]  -> 

[  0, 

i. 

0, 

1  ] 

r 

1, 

1, 

A 

1 

o 

o 

o 

o 

[  0, 

i. 

0, 

1  ] 

r 

[ 

\ — 1 

o 

o 

o 

\ — 1 

\ — 1 

-> 

[  0, 

0, 

0, 

1 

]  ; 

"1 

[ 

o 

\ — 1 

o 

o 

\ — 1 

1 — 1 

-> 

[  0, 

0, 

1, 

1 

]  ; 

"3 

[ 

\ — 1 

1 — 1 

o 

o 

\ — 1 

1 — 1 

-> 

!  o. 

0, 

1, 

1 

]  ; 

"3 

[ 

o 

o 

1 — 1 

o 

1 — 1 

1 — 1 

-> 

[  0, 

0, 

1, 

1 

]  ; 

"3 

[ 

1 — 1 

o 

1 — 1 

o 

1 — 1 

1 — 1 

-> 

[  0, 

0, 

1, 

1 

]  ; 

"3 

[ 

o 

\ — 1 

\ — 1 

o 

\ — 1 

\ — 1 

-> 

[  0, 

0, 

1, 

1 

] ; 

"3 

1, 

1, 

0,1, 1,1  ]  -> 

[  0, 

1, 

0, 

1  ] 

r 

1, 

1, 

I—1 

o 

o 

o 

1 

V 

[  0, 

1, 

0, 

1  ] 

r 

1, 

1, 

1,0, 0,1  ]  -> 

[  0, 

1, 

0, 

1  ] 

r 

1, 

1, 

1,0, 1,0  ]  -> 

[  o. 

1, 

0, 

1  ] 

r 

1, 

1, 

1,0, 1,1  ]  -> 

[  o. 

1, 

0, 

1  ] 

r 

1, 

1, 

A 

1 

o 

o 

\ — 1 

I — 1 

[  o. 

1, 

0, 

1  ] 

r 

1, 

1, 

1,1, 0,1  ]  -> 

[  o. 

1, 

0, 

1  ] 

r 

1, 

1, 

1,1, 1,0  ]  -> 

[  o. 

1, 

0, 

1  ] 

r 

1, 

1, 

1,1, 1,1  ]  -> 

[  o. 

1, 

0, 

1  ] 

r 

END  PwrFaze2 
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3 


PwrFaze3 . abl 


MODULE  PwrFaze3 ; 
TITLE  ' PwrFaze3 ' 


DECLARATIONS 


PwrFaze3 


DEVICE  ' PI 8CV8 ' 


"input  pins 
A,  B,  C 
D,E,F 


PIN  2,3,4 

PIN  5,6,7 


"output  pins 
s,  u,  w,  y 
s,u,w,y 

"equivalences 

Kntr 

KnvrtrOut 
H,  L,  X 
ANYINPUT 
ANYOUTPUT 


PIN  12,14,16,18 

IsType  'com' 


[A,  B,  C,  D,  E,  F]  ; 
[s,  u,  w,  y]  ; 

1,0, . X . ; 
[X,X,X,X,X,X]  ; 
[X,X,X,X]  ; 


"set  of  inputs 
"set  of  outputs 
"rename  constants 


TRUTH_TABLE  (  [ 

[ 

[ 

[ 

[ 

[ 

[ 

[ 

[ 

[ 


Kntr 

]  -> 

KnvrtrOut 

0 

]  -> 

Ab0101  ; 

1 

]  -> 

Ab0101  ; 

2 

]  -> 

Ab0101  ; 

3 

]  -> 

Ab0101  ; 

4 

]  -> 

Ab0101  ; 

5 

]  -> 

Ab0101  ; 

6 

]  -> 

Ab0101  ; 

7 

]  -> 

Ab0101  ; 

8 

]  -> 

Ab0101  ; 

9 

] 

-> 

Ab0001 

r 

"1 

10 

] 

-> 

Ab0001 

r 

"1 

11 

] 

-> 

Ab0001 

r 

"1 

12 

] 

-> 

Ab0111 

r 

"7 

13 

] 

-> 

Ab0111 

r 

"7 

14 

] 

-> 

Ab0000 

r 

"0 

15 

] 

-> 

Ab0101  ; 

16 

] 

-> 

Ab0101  ; 

17 

] 

-> 

Abll01 

r 

"d 

18 

] 

-> 

Abll00 

r 

"c 

19 

] 

-> 

Abll00 

r 

"c 

20 

] 

-> 

Abll00 

r 

"c 

21 

] 

-> 

Abll00 

r 

"c 

22 

] 

-> 

Abll00 

f 

"c 

23 

] 

-> 

Ab0101  ; 

24 

] 

-> 

Ab0101  ; 
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25 

] 

-> 

Ab0101 

r 

"5 

26 

] 

-> 

Ab0100 

r 

"4 

27 

] 

-> 

Ab0100 

r 

"4 

28 

] 

-> 

Abll01 

r 

"d 

29 

] 

-> 

Abll01 

r 

"d 

30 

] 

-> 

Abl 1 1 1 

r 

"f 

[  31  ]  ->  Ab0101  ; 
[  32  ]  ->  Ab0101  ; 


33 

] 

-> 

Ab0101 

r 

"5 

34 

] 

-> 

Ab0111 

r 

"7 

35 

] 

-> 

Ab0111 

r 

"7 

36 

] 

-> 

Ab0001 

r 

"1 

37 

] 

-> 

Ab0001 

r 

"1 

38 

] 

-> 

Ab0000 

r 

"0 

[  39  ]  ->  Ab0101  ; 
[  40  ]  ->  Ab0101  ; 


41 

] 

-> 

Ab0001 

r 

"1 

42 

] 

-> 

Ab0011 

r 

"3 

43 

] 

-> 

Ab0011 

r 

"3 

44 

] 

-> 

Ab0011 

r 

"3 

45 

] 

-> 

Ab0011 

r 

"3 

46 

] 

-> 

Ab0011 

r 

"3 

[  47  ]  ->  Ab0101  ; 
[  48  ]  ->  Ab0101  ; 


49 

] 

-> 

Abll01 

r 

"d 

50 

] 

-> 

Abll01 

r 

"d 

51 

] 

-> 

Abll01 

r 

"d 

52 

] 

-> 

Ab0100 

r 

"4 

53 

] 

-> 

Ab0100 

r 

"4 

54 

] 

-> 

Abl 1 1 1 

r 

"f 

55 

]  -> 

Ab0101 

56 

]  -> 

Ab0101 

57 

]  -> 

Ab0101 

58 

]  -> 

Ab0101 

59 

]  -> 

Ab0101 

60 

]  -> 

Ab0101 

61 

]  -> 

Ab0101 

62 

]  -> 

Ab0101 

63 

]  -> 

Ab0101 
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TEST  VECTORS 


A, 

B, 

C,D,E,F  ]  -> 

[  S, 

u,w,y  ]  ) 

0, 

0, 

O 

o 

o 

o 

1 

V 

[  0, 

1,  0,  1  ] 

r 

0, 

0, 

0,0, 0,1  ]  -> 

[  0, 

1,  0,  1  ] 

r 

0, 

0, 

0,0, 1,0  ]  -> 

[  0, 

1,  0,  1  ] 

r 

0, 

0, 

0,0, 1,1  ]  -> 

[  0, 

1,  0,  1  ] 

r 

0, 

0, 

0,1, 0,0  ]  -> 

[  0, 

1,  0,  1  ] 

r 

0, 

0, 

0,1, 0,1  ]  -> 

[  0, 

1,  0,  1  ] 

r 

0, 

0, 

0,1, 1,0  ]  -> 

[  0, 

1,  0,  1  ] 

r 

0, 

0, 

0,1, 1,1  ]  -> 

[  0, 

1,  0,  1  ] 

r 

0, 

0, 

A 

1 

o 

o 

o 

\ — 1 

[  0, 

1,  0,  1  ] 

r 

[ 

\ — 1 

o 

o 

\ — 1 

o 

o 

-> 

[  o,  0,  0, 

1 

]  ; 

"l 

[ 

o 

1 — 1 

o 

\ — 1 

o 

o 

-> 

[  o,  0,  0, 

1 

]  ; 

"l 

[ 

1 — 1 

1 — 1 

o 

\ — 1 

o 

o 

-> 

[  o,  0,  0, 

1 

]  ; 

"l 

[ 

o 

o 

\ — 1 

\ — 1 

o 

o 

-> 

[  0,  1,  1, 

1 

]  ; 

"7 

[ 

1 — 1 

o 

\ — 1 

l — 1 

o 

o 

-> 

[  0,  1,  1, 

1 

]  ; 

"7 

[ 

0,0, 1,1, 1,0  ] 

-> 

[  o,  0,  0, 

0 

]  ; 

"0 

0, 

0, 

1,1, 1,1  ]  -> 

[  0, 

1,  0,  1  ] 

r 

0, 

1, 

A 

1 

o 

o 

o 

o 

[  o. 

1,  0,  1  ] 

r 

[ 

\ — 1 

o 

o 

o 

\ — 1 

o 

-> 

[  1,  1,  0, 

1 

]  ; 

"d 

[ 

o 

\ — 1 

o 

o 

\ — 1 

o 

-> 

[  1,  1,  0, 

0 

]  ; 

"c 

[ 

1 — 1 

1 — 1 

o 

o 

1 — 1 

o 

-> 

[  1,  1,  0, 

0 

]  ; 

"c 

[ 

o 

o 

\ — 1 

o 

\ — 1 

o 

-> 

[  1,  1,  0, 

0 

]  ; 

"c 

[ 

1 — 1 

o 

1 — 1 

o 

1 — 1 

o 

-> 

[  1,  1,  0, 

0 

]  ; 

"c 

[ 

o 

1 — 1 

\ — 1 

o 

\ — 1 

o 

-> 

[  1,  1,  0, 

0 

]  ; 

"c 

0, 

1, 

0,1, 1,1  ]  -> 

[  o. 

1,  0,  1  ] 

r 

0, 

1, 

A 

1 

o 

o 

o 

\ — 1 

[  0, 

1,  0,  1  ] 

r 

[ 

0,1, 1,0, 0,1  ] 

-> 

[  0,  1,  0, 

1 

]  ; 

"5 

[ 

o 

1 — 1 

o 

\ — 1 

1 — 1 

o 

-> 

[  0,  1,  0, 

0 

]  ; 

"4 

[ 

1 — 1 

1 — 1 

o 

\ — 1 

1 — 1 

o 

-> 

[  0,  1,  0, 

0 

]  ; 

"4 

[ 

o 

o 

\ — 1 

\ — 1 

\ — 1 

o 

-> 

[  1,  1,  0, 

1 

]  ; 

"d 

[ 

1 — 1 

o 

\ — 1 

\ — 1 

1 — 1 

o 

-> 

[  1,  1,  0, 

1 

]  ; 

"d 

[ 

o 

\ — 1 

\ — 1 

\ — 1 

\ — 1 

o 

-> 

[  1,  1,  1, 

1 

]  ; 

"f 

0, 

1, 

1,1, 1,1  ]  -> 

[  0, 

1,  0,  1  ] 

r 

1, 

0, 

o 

o 

o 

o 

1 

V 

[  0, 

1,  0,  1  ] 

r 

[ 

1,0, 0,0, 0,1  ] 

-> 

[  0,  1,  0, 

1 

]  ; 

"5 

[ 

I—1 

o 

o 

o 

I—1 

o 

-> 

[  0,  1,  1, 

1 

]  ; 

"7 

[ 

1 — 1 

1 — 1 

o 

o 

o 

1 — 1 

-> 

[  0,  1,  1, 

1 

]  ; 

"7 

[ 

1,0, 0,1, 0,0  ] 

-> 

[  o,  0,  0, 

1 

]  ; 

"1 

[ 

1 — 1 

o 

\ — 1 

o 

o 

\ — 1 

-> 

[  o,  0,  0, 

1 

]  ; 

"1 

[ 

o 

\ — 1 

\ — 1 

o 

o 

1 — 1 

-> 

[  o,  0,  0, 

0 

]  ; 

"0 

1, 

0, 

0,1, 1,1  ]  -> 

[  0, 

1,  0,  1  ] 

r 

1, 

0, 

A 

1 

o 

o 

o 

\ — 1 

[  0, 

1,  0,  1  ] 

r 

[ 

\ — 1 

o 

o 

\ — 1 

o 

\ — 1 

-> 

[  o,  0,  0, 

1 

]  ; 

"1 

[ 

o 

\ — 1 

o 

\ — 1 

o 

1 — 1 

-> 

[  o,  0,  1, 

1 

]  ; 

"3 

[ 

1 — 1 

1 — 1 

o 

\ — 1 

o 

1 — 1 

-> 

[  o,  0,  1, 

1 

] ; 

"3 
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[ 

O 

O 

\ — 1 

\ — 1 

o 

\ — 1 

-> 

[  o,  0,  1, 

1 

] 

f 

"3 

[ 

1 — 1 

o 

1 — 1 

1 — 1 

o 

l — 1 

-> 

[  o,  0,  1, 

1 

] 

f 

"3 

[ 

o 

\ — 1 

\ — 1 

\ — 1 

o 

\ — 1 

-> 

1  o,  0,  1, 

1 

] 

f 

"3 

1, 

0, 

1,1, 1,1  ]  -> 

0, 

1,  0,  1  ] 

r 

1, 

1, 

o 

o 

o 

o 

1 

V 

0, 

1,  0,  1  ] 

r 

[ 

1,1, 0,0, 0,1  ] 

-> 

[  1,  1,  0, 

1 

] 

f 

"d 

[ 

o 

1 — 1 

o 

o 

1 — 1 

1 — 1 

-> 

[  1,  1,  0, 

1 

] 

r 

"d 

[ 

1 — 1 

1 — 1 

o 

o 

1 — 1 

1 — 1 

-> 

[  1,  1,  0, 

1 

] 

f 

"d 

[ 

o 

o 

\ — 1 

o 

1 — 1 

\ — 1 

-> 

[  0,  1,  0, 

0 

] 

r 

"4 

[ 

1 — 1 

o 

1 — 1 

o 

1 — 1 

\ — 1 

-> 

[  0,  1,  0, 

0 

] 

r 

"4 

[ 

o 

1 — 1 

\ — 1 

o 

\ — 1 

1 — 1 

-> 

r  i,  i,  i. 

1 

] 

r 

"f 

1, 

1, 

0,1, 1,1  ]  -> 

0, 

1,  0,  1  ] 

r 

1, 

1, 

A 

1 

o 

o 

o 

\ — 1 

0, 

1,  0,  1  ] 

r 

1, 

1, 

1,0, 0,1  ]  -> 

0, 

1,  0,  1  ] 

r 

1, 

1, 

1,0, 1,0  ]  -> 

0, 

1,  0,  1  ] 

r 

1, 

1, 

1,0, 1,1  ]  -> 

0, 

1,  0,  1  ] 

r 

1, 

1, 

A 

1 

o 

o 

1 — 1 

1 — 1 

0, 

1,  0,  1  ] 

r 

1, 

1, 

A 

1 

\ — i 

o 

\ — i 

\ — i 

0, 

1,  0,  1  ] 

r 

1, 

1, 

1,1, 1,0  ]  -> 

0, 

1,  0,  1  ] 

r 

1, 

1, 

1,1, 1,1  ]  -> 

0, 

1,  0,  1  ] 

r 

END  PwrFaze3 
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4. 


MOD  6KNTR . ABL 


MODULE  MOD6KNTR 

TITLE  ' MOD6KNTR ' 

DECLARATIONS 

MOD6KNTR 

"input  pins 

CLOCK, COUNT 

"  output  pins 

xO,yO,zO,xl,yl,zl 

xO,yO,zO,xl,yl,zl 


DEVICE  ' PI 8CV8 ' 

PIN  1,2 

PIN  19,18,17,16,15,14 

IsType  '  feed_reg, reg_d, pos ' 


EQUATIONS 

xl  :=  ! COUNT&xl  #  COUNTS ! zl& (xl#yl) 
yl  :=  ! COUNT&yl  #  COUNTS !xl 
zl  :=  ! COUNTS zl  #  COUNTS ! yl 

xO  :=  xOS (! COUNT# ! (xl S ! yl Szl ) )  #  ! zOSCOUNTS (xls ! ylSzl) S (xO#yO) 
yO  :=  yOS ( ! COUNT# ! (xlSlylSzl) )  #  ! xOSCOUNTS (xl S ! yl Szl ) 
zO  :=  zOS ( 1COUNT#! (xlSlylSzl) )  #  ! yOSCOUNTS (xls ! ylSzl) 


'  VECTORS 

(  [  CLOCK, 

COUNT 

]  -> 

xO , 

o 

>1 

zO, 

xl. 

I—1 

zl 

] 

[  .C.  , 

1 

]  -> 

0, 

0, 

0, 

0, 

1, 

1 

] 

[  .C.  , 

1 

]  -> 

0, 

0, 

0, 

0, 

1, 

0 

] 

[  .C.  , 

1 

]  -> 

0, 

0, 

0, 

1, 

1, 

0 

] 

[  .c.  , 

1 

]  -> 

0, 

0, 

0, 

1, 

0, 

0 

] 

[  .c.  , 

1 

]  -> 

0, 

0, 

0, 

1, 

0, 

1 

] 

[  .c.  , 

1 

]  -> 

0, 

1, 

1, 

0, 

0, 

1 

] 

[  .c.  , 

1 

]  -> 

0, 

1, 

1, 

0, 

1, 

1 

] 

[  .c.  , 

1 

]  -> 

0, 

1, 

1, 

0, 

1, 

0 

] 

[  .c.  , 

1 

]  -> 

0, 

1, 

1, 

1, 

1, 

0 

] 

[  .c.  , 

1 

]  -> 

0, 

1, 

1, 

1, 

0, 

0 

] 

[  .c.  , 

1 

]  -> 

0, 

1, 

1, 

1, 

0, 

1 

] 

[  .c.  , 

1 

]  -> 

0, 

1, 

0, 

0, 

0, 

1 

] 

[  .c.  , 

1 

]  -> 

0, 

1, 

0, 

0, 

1, 

1 

] 

[  .c.  , 

1 

]  -> 

0, 

1, 

0, 

0, 

1, 

0 

] 

[  .c.  , 

1 

]  -> 

0, 

1, 

0, 

1, 

1, 

0 

] 

[  .c.  , 

1 

]  -> 

0, 

1, 

0, 

1, 

0, 

0 

] 

[  .c.  , 

1 

]  -> 

0, 

1, 

0, 

1, 

0, 

1 

] 

[  .c.  , 

1 

]  -> 

1, 

1, 

0, 

0, 

0, 

1 

] 

[  .c.  , 

1 

]  -> 

1, 

1, 

0, 

0, 

1, 

1 

] 

[  .c.  , 

1 

]  -> 

1, 

1, 

0, 

0, 

1, 

0 

] 

[  .c.  , 

1 

]  -> 

1, 

1, 

0, 

1, 

1, 

0 

] 

[  .c.  , 

1 

]  -> 

1, 

1, 

0, 

1, 

0, 

0 

] 

[  .c.  , 

1 

]  -> 

1, 

1, 

0, 

1, 

0, 

1 

] 

[  .c.  , 

1 

]  ->  1 

:  i. 

0, 

0, 

0, 

0, 

1 

] 
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c. 

r 

1 

]  ->  [ 

i. 

0, 

0, 

0, 

1, 

1 

] 

c. 

r 

1 

]  ->  [ 

i. 

0, 

0, 

0, 

1, 

0 

] 

c. 

r 

l 

]  ->  [ 

i. 

0, 

0, 

1, 

1, 

0 

] 

c. 

r 

l 

]  ->  [ 

i. 

0, 

0, 

1, 

0, 

0 

] 

c. 

r 

l 

]  ->  [ 

i. 

0, 

0, 

1, 

0, 

1 

] 

c. 

r 

l 

]  ->  [ 

i. 

0, 

1, 

0, 

0, 

1 

] 

c. 

r 

l 

]  ->  [ 

i. 

0, 

1, 

0, 

1, 

1 

] 

c. 

r 

l 

]  ->  [ 

i. 

0, 

1, 

0, 

1, 

0 

] 

c. 

r 

l 

]  ->  [ 

i. 

0, 

1, 

1, 

1, 

0 

] 

c. 

r 

l 

]  ->  [ 

i. 

0, 

1, 

1, 

0, 

0 

] 

c. 

r 

l 

]  ->  [ 

i. 

0, 

1, 

1, 

0, 

1 

] 

c. 

r 

l 

]  ->  [ 

o. 

0, 

1, 

0, 

0, 

1 

] 

c. 

r 

l 

]  ->  [ 

o. 

0, 

1, 

0, 

1, 

1 

] 

END  M0D6KNTR 
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APENDIXC.  PARTS  LIST 


Appendix  C  contains  the  part  lists  for  the  Power  Supply  Op-Amp  circuit,  Gate- 
Driver  circuit,  the  IGBT  and  Snubber  circuit  and  for  the  power  unit  and  converter. 


A.  POWER  SUPPLY  OP-AMP  CIRCUIT  PARTS  LIST 


Part  Name 

Part  Number 

Value 

Qty 

Operational  Amplifier 

LM12CL 

80  kW 

1 

Resistor 

— 

1.1  kO 

1 

Resistor 

— 

3.3  kO 

1 

Resistor 

— 

50  0 

1 

Resistor 

— 

2.2  0 

1 

Capacitor 

P6710 

2200  pF 

2 

Capacitor 

— 

1.5  nF 

1 

Diode 

UF1003 

— 

2 

Heat  Sink 

Type  341K 

— 

2 

Connector,  Banana  Plug 

— 

— 

2 

Connector,  BNC 

— 

- 

2 

B.  GATE  DRIVER  CIRCUIT  CARD  PARTS  LIST 


Part  Name 

Part  Number 

Value 

Qty 

8-Dip  PhotoCoupler  IGBT 

TLP250-ND 

— 

l 

Gate  Driver  Transformer 

GDE  25-2 

0.650  0 

l 

Diode,  Rectifier 

1N4148MSCT 

0.15  A 

6 

Capacitor 

P4966 

1.0  pF 

1 

Capacitor 

— 

1.0  pF 

4 

Resistor 

— 

360  0 

1 

Resistor 

— 

50 

1 

Connector,  BNC 

— 

— 

1 

Connector,  2  Slot 

- 

— 

1 

C.  IGBT  AND  SNUBBER  CIRCUIT  CARD  PARTS  LIST 


Part  Name 

Part  Number 

Value 

Qty 

IGBT 

IRG4PH50KD 

25  A 

l 

Diode,  HEXFRED 

HFA25PB60 

25  A 

l 

Resistor 

TBH25P10R0J 

10O 

l 

Capacitor 

P3512 

0.018  pF 

l 

Diode,  Zener 

1N4744DICT 

15V 

2 

Connector,  3  Slot 

— 

— 

1 

Connector,  2  Slot 

— 

— 

1 

Heat  Sink,  Aluminum  Strip 

— 

— 

2 
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D.  POWER  UNIT  PARTS  LIST 


Part  Name/Component 

Part  Number 

Value 

Qty 

Gate  Driver  Circuit  Card 

— 

— 

1 

IGBT/Snubber  Circuit  Card 

— 

— 

1 

Posts,  Metal 

— 

— 

2 

Heat  Sink 

Type  64 IK 

— 

1 

E.  CONVERTER  PARTS  LIST  (ONE  PHASE) 


Part  Name/Component 

Part  Number 

Value 

Qty 

Power  Unit 

— 

— 

8 

Capacitor 

CGH102T450V3L 

1000  pF 

4 

Power  Diode 

PRX-N16AA2 

— 

4 

Capacitor 

— 

22  pF 

4 

Conduit,  Copper 

— 

cm 

24 
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